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ABSTRACT

The use of a combined N 2 - 02 atmosphere in long-duration manned

spaceflight missions requires the development of sensor instrumentation that

will accurately measure partial pressures of the principal constituents in

the mixed-gas cabin atmosphere. This instrumentation, designated as a Two-

Gas Atmosphere Sensing System, provides the partial pressure information as

an electrical signal for integration into a functional atmosphere control

system.

The design concept developed during this study program utilizes

two sensor channels and a total pressure transducer to provide five different

measurements (partial pressures of 02, C02, H20 , N23 and total pressure) and

electrical signals proportional to these measurements for interface with the

cabin atmospheric-control system.

The technique preferred and recommended for the sensor system is

that of optical absorption. The radiant energy source for the 02 and _0

sensor operates in the ultraviolet spectrum at 1470A and the CO 2 sensor uti-

lizes the 4.27_ band of the infrared region. The system will directly meas-

ure the partial pressure of 02_ CO^,z and H20 using the optical absorption
technique with accuracies of 2% 3 2%, and 5% respectively. The system will

also measure PT with an accuracy of 1% and will compute the partial pressure

of N2 from these measurements to an accuracy of 5%. The optical absorption

metrology used in this system has the following advantages:

le Small size. weight and low-power consumption - All of the

Two-Gas Atmosphere Sensing System instrumentation is con-

tained in one unit having an estimated volume of i00 in3_

an estimated weight of 6.5 pounds, and a power require-
ment of less than 5 watts.

2. Long operating and shelf life - The system has no wearout

or consumable components.

3. Insensitive to magnetic fields_ ambient temperature_ or

gravity.

. Operates at ambient pressure - The system requires no

auxiliary gas pumping or vacuum system and is not affected

by vacuum exposure.
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5. No lubrication is required.

6. No specific operation use attitude is necessary.

7. Fast response time - System will have a response time
constant of 1.0 seconds.

8. FliRht qualification design compatibility.

9. No gas consumption - No reference gas is requiredj nor

does the system consume any of the sample gas.

I0. Automatic main stabilization - Long term stability.

II. Low sample flow rates with minimum pressure drops -

Continuous monitoring and readout.

The electronics are cormnon to the two sensor channels and the

pressure transducer, which permits minimum size and weight_ and greater re-

liability. The system is designed to utilize linear integrated circuits_

which will further reduce bulk and enhance reliability.
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1.0 INTRODUCTION AND SUMMARY

This report describes the results of the Phase I conceptual de-

sign study for a Two-Gas Atmosphere Sensor System which is considered for

anticipated extensions of the Apollo mission duration capability. The Phase

I study effort was performed by the Perkin-Elmer Corporation_ Norwalk_

Connecticut_ for the National Aeronautics and Space Administration 3 Langley

Research Center, Langley Station_ Hampton_ Virginia, under Contract No. NASI-

5678. The study was in progress from 15 November 1965 to 15 March 1966 and

was accomplished in accordance with the provisions of the contract.

Photographs of a full size mock-up and an artist's representation

of the recommended design concept are shown in Figure i and the design is

discussed in detail in Paragraph 2.0. State-of-the-art electronics packaging_

which will provide a system of minimum size as evidenced in the full size

mock-up accompanying this report_ is described in Paragraph 2.4 and reliabil-

ity aspects of the proposed system are discussed in Paragraph 2.5. The in-

formation on electronic packaging was provided by Francis Associates 3 Inc._

Marion_ Massachusetts. The report includes a review of spacecraft interface

considerations (Paragraph 3.0) an assessment of sensor technology_ (Para-

graph 4.0), and significant results established during the study effort.

The application of the Two-Gas Atmosphere Sensor System to the

spacecraft model has been reviewed for the recommended operational criteria.

This report includes a detailed discussion of the difficulty in control of

this spacecraft model along with recommended locations for the sensor. It is

shown in the study_ for example_ that sampling from the exhaust lines or

within the space capsule will lead to formidable controls system problems.

Reco_nendations are therefore made for sensor installation on the inlet lines

of a pre-mix gas supply.

Recor_nendations have been made for cabin atmosphere replenishment

techniques based primarily on the addition of a predetermined mixture of ni-

trogen and oxygen. Investigation of the visual readout compatibility of the

system indicates that the output readily lends itself to the display of the

portions of the partial pressure ranges that are considered most significant.

For example_ there is no appreciable difficulty encountered in displaying the

analog voltage for the oxygen partial pressure having a range of 0 to 5 volts

for a variation in oxygen partial pressure of some arbitrary limits_ such as

i00 to 200 millimeters Hg of partial pressure. Likewise 3 the zero point on

the total pressure indication can be set at some selected point and could

operate over a range of 200 to 400 or more millimeters Hg of total pressure.

There are a minimum of operational supplies required for the duration of the

missions indicated. Either the 45 day or 120 day anticipated mission can be

accomplished without the use of calibration gases or external supplies beyond

the normal 28 volt system.

The continuous closed-loop operation of the system_ which auto-

matically compensates the changes in its reference_ permits continuous per-

formance throughout the mission without use of laboratory type controls or
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adjustments in either zero or span. It is this aspect of the design that

facilitates the utilization of the proposed system in an extended duration

spacecraft mission. The philosophy on the maintainability of the system at

present is to use high reliability components which would preclude the neces-

sity of either maintenance in the field or during the mission. It would be

recommended that complete redundancy be used_ that is, extra systems installed

rather than depend on the maintenance of a given system with plug-in discrete

components. However, the system would be designed so that it could be main-

tained in the laboratory or could be readily repaired at the factory. The

excessive cost in size_ weight, and resultant lower operating reliability

from the use of extensive plug-in units which could be easily maintained in

the field is felt to be an unnecessary burden on the design of the system.

The extensive use of plug-in units would make the total system prohibitively

large and complex in order to maintain the same level of total reliability.
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Assessments have been made of the applicable sensor technology

with respect to the specified basic requirements. With respect to zero grav-

ity operation, it is felt that n__oodegradation of the system's performance

would occur under zero-G conditions. As discussed further in the report, the

performance of the system would no____ttbeimpaired by the exposure to hard vacu-

um. The accuracy and response time necessary for control have been synthe-

sized on the basis of the spacecraft model suggested in the statement of work

and from some of our own assumptions. There is no difficulty encountered in

the response time requirement and the accuracy is within the performance capa-

bility of the proposed instrument. The ability to meet the reliability and

flight qualifications of any proposed Phase lib type of hardware is perhaps

best demonstrated by the similarity of the system to the Apollo Carbon

Dioxide Sensor shown in Figure 2 which is presently undergoing environmental

Figure 2. CO 2 Sensor, NASA Flight Model

qualification tests. To demonstrate its reliability and performance during

a simulated flight mission, tests in excess of i000 hours have been performed

under varying stringent environmental conditions. The information gained

from these tests will be utilized directly in the design of the Two-Gas

Atmosphere Sensor System.
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In consideration of some of the additional requirements of the

contract guidelines, the state of development of optical absorption sensor

techniques was reviewed. As a result, the proposed sensor is considered to

be a logical step in the advancement of optical absorption sensor develop-

ment. Solutions to the problems that have been encountered in the Apollo

Carbon Dioxide Sensor, and in the oxygen sensor which Perkin-Elmer has built

and has been testing, will be incorporated in the design of a new sensor.

Potential for improvement of this type of sensor would be in the component

areas rather than in the basic design, since it is felt that in relation to

the overall requirements, there are no inherent limitations on the accuracy

or the stability of the system with the present method. Details such as the

chopping method, the actual detector geometry used, and the reliability of

some of the electronic components, will be considered and are the most logi-

cal areas for potential improvements.

The operational life of the system is not known, but it is antic-

ipated to extend well beyond any other known method. There are no wearout

components or systems within the Two-Gas Atmosphere Sensor and operation in

terms of years can be anticipated with occasional adjustment in the analog

circuitry due to aging. Shelf life of the system is also undetermined, but

investigation with our vendors and our own studies have shown no degradation

of performance after a 3 to 5 year shelf life. The critical item in the

determination of the shelf life would be electronic components, such as the

sintered-anode low leakage tantalum capacitors or other similar components.

The energy, material, and atmospheric sample requirements of the

system are minimal. It is only necessary to apply a 28 volt supply to ener-

gize the sensor and to mount it on a suitable dimensionally stable surface

and provide a few inches of water pressure head at a representable sample

point. No other special considerations need be given to the installation in

a spacecraft or in the laboratory. The system is independent of orientation

and practically independent of normal environments. Shock and acceleration

stresses, temperature stresses, acoustical noise, sand and dust, salt spray,

rain or oxidizing atmospheres will not impair or change the performance of

the system. Selected vibrational stresses at particular frequencies and

amplitudes may of course cause a resonance of the system and impair its oper-

ation at those particular points. However, operation before and after these

frequencies can be achieved and the system can be anticipated to be independ-

ent of any frequency below 3 to 5 g's over the frequency range from 5 to

2000 cps.
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2.0 RECOMMENDED DESIGN CONCEPT

Functional Description

The recommended system will use optical absorption techniques to

measure the partial pressures of carbon dioxide (CO2) _ water vapor (H20)_ and

oxygen (02) and will combine this information with a total pressure measure-

ment to obtain the partial pressure of nitrogen (N2). This system will use

an infrared channel for the measurement of carbon dioxide and an ultraviolet

channel for the measurement of oxygen and water vapor.

The infrared CO 2 channel will use an incandescent lamp as a

source of energy and a silicon lens system to gather this energy and focus

it in space to be chopped by a torsional optical chopper. The modulated

energy will then be detected by a PEM infrared detector which will supply

information to an electronic system.

The ultraviolet 02 and H20 channel will use a specially designed

ultraviolet lamp_ a grating monochromator_ and the torsional chopper_ which

is common to both channels for maximum utilization of components. A photo-

multiplier detector will be used to measure the modulated ultraviolet energy

and supply a signal to the electronic system.

The electronic system will provide electrical signals which are

proportional to the partial pressures of the gas constituents. High-quality

discrete electronic components and integrated circuits mounted in miniature

welded modules will be used for the electronic systems of both the infrared
and ultraviolet channels.

The total pressure will be measured by a flight qualified total

pressure transducer consisting of a variable reluctance mechanism mounted on

a specially designed bellows. The mechanism will be connected electrically

as a bridge circuit which will provide an unbalanced signal proportional to

the total pressure to an operational amplifier and output driving circuit.

This system does not contain any optical members. The electronic system

directly associated with the total pressure transducer will be of a construc-

tion similar to that used with the infrared and ultraviolet channels.

This particular system has been selected for several reasons.

The study has shown that the most reliable system would be one using a tor-

sional chopper and maximum utilization of integrated circuits. In addition_

this method provides the maximum signal-to-noise information to the detec-

tors and is least susceptible to environmental stresses which may be imposed

on the system. One important reason for the final selection of this system

is that it is a natural development and improvement on the present Apollo

CO2 Sensor. Also_ it has taken advantage of the solutions to many difficult

problems which have been experienced on existing systems and it encompasses

the maximum utilization of design information obtained during the study.



Pe_rf_orma.nce Characteristics

The performance of the preferred system may be described in sum-

mary as follows:

Oxygen Partial Pressure (P02):

Range - Zero to 250 millimeters Hg with expanded

scales for a 0-5 volt output corresponding

to 125 mm to 250 mm Hg partial pressure of

oxygen.

Accuracy - ±2% of full scale

Reproducibility - ±2% of full scale

Water Vapor Pressure (PH20):

Range - Zero to 30 mm Hg for a 0-5 volt DC output

Accuracy - ±5% of full scale accuracy and reproducibility

Carbon Dioxide Partial Pressure (PC02):

Range - Zero to 20 mmHg partial pressure of carbon

dioxide corresponding to a 0-5 volt DC output.

Accuracy - ±2% of full scale

Reproducibility - ±2% of full scale

Total Pressure (PT) Characteristics:

Range - I00 to 400 _Hg total pressure correspond-

ing to 0-5 volts full scale output

Accuracy - ±1% of full scale

Reproducibility - ±2% of full scale
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Nitrogen Partial Pressure (PN2) Characteristics:

Range - I00 to 300 mmHg corresponding to 0-5 volts

DC output

Accuracy - ±5% of full scale

Reproducibility - ±5% of full scale

The following performance characteristics are common to the en-

tire two-gas atmosphere sensor system.

Operating Temperatures - 40°F to 90°F

Storage Temperature - -65°F to 200°F

Vibration_ Acceleration_
and Shock Unspecified

Attitude There is no preferred use

attitude

Altitude No limitation on operating or

storage altitude

Operating Life - One to three years (estimated)

Storage Life Estimated in excess of three

years

Required Operational

Supply

28 volt DC supply ±4 volts.

Transients and reverse polarity

protection will be provided by

an EMI filter on the input power

line. A provision will also be

made on the output to limit the

output voltage swing from -i to

+7 volts in the event of equip-
ment failure.

Handling and Storage To be accomplished by the use of

a special designed carrying case

which will isolate the sensor

from extreme environmental condi-

tions and be a useful storage

provision and general protective

device for the sensor system.
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ResponseTime

Flight Qualification

Less than i0 seconds to reach 90%
of the step value of input par-
tial pressure changewith a pres-
sure drop of less than 3 inches
of water (primarily pneumatic).

System to meet typical flight
qualifications as defined by the
recommendedprogram for flight
qualification in the Phase I
report.

Electrical_ General

The general signal processing design objective is to select a sys-

tem that is linear_ has a high signal-to-noise (S/N) ratio_ is inherently ac-

curate_ and has no cross-coupling between signals. To facilitate an under-

standing of the general problem_ the signal processing of the present CO 2

sensor was analyzed_ as shown in Appendix A. This analysis shows that_ with

the optimum cross-coupling between the signal and reference AGC channel_ the
output signal will take the form of either:

a) e2 =

KI A (IR-Is)

K 2 IR
for an idealized signal_ or

b)
3 KI A (IR-Is)

e2 - 4_ K 2 (IR+Is)
for a typical signal.

From this it was seen that in the typical case the signal process-

ing (exclusive of optical considerations) is nonlinear. The first system

objective_ therefore_ was to make the signal in this new system take on the

form of the idealized waveform where each signal level is clearly defined and

can be processed to achieve a linear output. Next_ the method of demodula-

tion of this signal was considered to determine if either a synchronous square

wave_ or a narrow pulse sampling system (also synchronous) showed any cleancut

advantage or disadvantage for a single gas (Infrared C02) channel. This analy-

sis showed that for the synchronous system the S/N power ratio is: (Refer to

Paragraph 2.2.3_ Appendix A.)

S/N synchronous
0.114 (IR-Is)2 w(_

2

(In Y



where

IR = Reference level signal

I S = Gas level signal

m = Noise bandwidth

= Output filter bandwidthY

2 = Total noise power
n

For the sampling system_ the S/N power ratio is dependent upon the sample

interval, and decreases as the sample interval decreases. When an achiev-

able value of(ks = Sample time/Total cycle time) for a multigas (ultraviolet

H20-O2) channel is considered (ks = 0.156), the S/N power ratio is: (Refer

to Paragraph 2.4.2_ Appendix A.)

S/N sampling =
0.099 (IR-Is)2 w a

2
W

n y

which, is only slightly less than for the synchronous system. Thus_ a sam-

piing system can be used for a multigas (H20-O2) channel with only a slight

signal-to-noise power ratio disadvantage over the synchronous system; however,

the synchronous system cannot be used in a multigas channel without signal

cross-coupling. From this it is evident that if hardware is developed to

process the multigas channel signal, it may be used without appreciable pen-

alty on the single gas (CO2) channel. This approach affords the greatest

utilization of common signal processing and timing hardware and facilitates

the use of only one mechanical chopping system for the two detector channels.

The choice of the mechanical chopping system had a direct influ-

ence on the complexity of electronics. If a tuning fork is employed_ circuitry

must be included to drive it at a uniform amplitude, and to independently sam-

ple the various signal channels. The sampling circuitry must be phase locked

to the fork frequency to ensure timing stability, and must operate at a high

multiple of the fork frequency in order to generate at least six sampling

pulses per cycle, centered within the signal data area. For the ultraviolet

channel where four electrical levels are sensed (zero, reference, H20-O2_ O2)_

the fork also imposes severe mechanical positioning problems. These problems

can be reduced by making the timing nonlinear around the points of maximum

fork tine excursion_ but this increases the complexity of the timing circuitry

by requiring a higher sampling frequency. The higher frequency is, in itself_

not prohibitive_ but it does reduce the possible sampling interval ks, which

I0



in turn has a severe effect on the signal-to-noise power ratio. The effect
of a higher frequency on the single gas (C02) channel could be decreased by
providing a separate timing generator; however_ this further increases the
complexity of the timing unit.

In summary_the tuning fork system introduces the problems of:

a)

b)

c)

d)

e)

f)

g)

Amplitude stabilization as incorporated in the present CO 2
sensor.

Nonlinear timing for specified mechanical motion (the total

motion is only about 0.060 inch).

Extremely small aperture sizes in order to achieve a steady

detector signal for a given gas sample. It must be borne in

mind that the tuning fork is in constant motion_ hence the

aperture must be a fractional part of the gas sample interval

for the signal amplitude to be independent of motion.

Very short electrical signal sampling intervals (relative to

the cycle period) to prevent signal cross-coupling and errors

due to mechanical motion. Such small intervals (ks K 0.0625)

lead to poor signal-to-noise power ratios and thus decrease

the system accuracy.

Higher processing gains because of small aperture sizes_ which

decrease the total signal into the detector.

Complex_ and perhaps different_ sample pulse timing generators

for each signal processing channel. The signal processing

hardware for each gas channel would also be different.

Use of two different tuning forks_ one for the infrared C02

channel and one for the ultraviolet 02-H20 channel.

In order to overcome these effects_ the recommended chopper em-

ploys a torquer motor that may be driven to one of a number of discrete posi-

tions and held at that position for an indefinite time. Since the device is

operated below its resonant frequency_ the positioning is independent of the

past time history of motion (not true for a tuning fork). Hence_ to sample

the ultraviolet channel where four signal levels are required_ only four

mechanical positions and four sampling intervals per cycle are required (six

are required for the tuning fork)_ with a resultant simplification of hard-

ware.

When the actual torquer characteristics are considered_ a system

can be configured that has the following characteristics:
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a)

b)

c)

d)

e)

f)

Simple Torquer Drive and Timing Electronics. Since it is only

necessary to step to four positions and to generate four timing

pulses_ a simple two-stage counter may be used. This counter

can be driven from an unsymmetrical multivibrator_ which has a
7.5 millisecond ON time and a 12.5 millisecond OFF time. The

counter will therefore change state every 20 milliseconds. The

binary value of the counter is summed by an operational amplifier

that provides an analog voltage output proportional to the binary

value of the counter data. This voltage is amplified and used to

drive the torquer_ which moves proportionally to the input cur-

rent. With such a system_ the mechanical positioning can be re-

peated within 2.0%. By using the leading edge of the 7.5 milli-

seconds ON period to trigger the counter_ and the subsequent

12.5 milliseconds OFF period to generate the timing pulses_ the

timing pulses can be made to lag the mechanical motion by 7.5

milliseconds_ which is adequate to allow for mechanical position-

ing. The binary count of the counter is gated with this timing

pulse to actually generate four separate timing pulses. A block

diagram of the timing unit is shown in Figure 3_ and the timing

sequence in Figure 4.

Uniform Sample Timing. Since the sequence is simply: i) posi-

tion torquer -- 7.5 ms_ 2) electrically sample -- 12.5 ms_

3) position torquer -- 7.5 ms_ etc._ the motion per step can be

approximately 4°_ which provides a 0.070 inch motion per step
when a i inch radius arm is used.

Large Aperture Sizes. Since the aperture is not in motion dur-

ing electrical sampling_ the aperture may be large relative to

the filter or slit size.

Larger Sampling Intervals due to the signal stability within a

step_ and fewer steps (ks = 0.156 achievable). This provides

a better signal-to-noise power ratio and hence increases the in-

herent system accuracy.

Decreased Requirements for Amplifier Gain due to larger aperture

size_ which increases the total signal into the detector and in-

creases system accuracy.

Uniform Sample Pulse Timing for each signal processing channel.
This maximizes the amount of common hardware.

An overall block diagram of the recommended system is shown in

Figure 5. The operation of the individual sections of this system is depicted

in Figures 6 and 7 and will be described in subsequent sections of this report

(Paragraphs 2.1.5 and 2.2.q). It will be noted that the DC voltages for all

signal processing are obtained from one DC to DC converter. This converter

will provide voltages in the order of ±12 volts throughout the system. This
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converter and all other supplies will be DC isolated from the 28 VDC input

voltage to meet Apollo grounding requirements_ and will be driven from a com-

mon EMI filter to prevent any undesired RF radiation and to reduce suscepti-

bility to RF conduction.

The system may be constructed with either conventional discrete

components or a mixture of discrete components and microcircuits. Although

no appreciable power savings is foreseen using microcircuits_ a 20-30% sav-

ings in volume and weight can probably be realized. For this reason_ and in

the belief that the reliability of the units will be adequate for the intended

missions_ the use of microcircuits should be given serious consideration.

Mechanical_ General

The recommended mechanical design concept_ shown in Figure i_ is

a natural development of present designs and has the advantage of the operat-

ing experience obtained from the Apollo CO 2 Sensor qualification tests and

exhaustive design verification and production tests of that sensor and simi-
lar units.

The outstanding advantage of the proposed design is the complete

accessibility to adjustments_ particularly in the optical component sections.

Provision is made to allow rotation_ tilting_ or lateral motion of the sources

and detectors. Alignment of the ultraviolet system is achieved by the rota-

tion of the grating about a line at its ruled surface. The folding mirrors

and primary mirror are less critical and are mounted in predetermined posi-

tions. All of the optical elements are mounted on an optical bed of high

dimensional stability_ obtained by the utilization of multiple stiffening

members in a dip-brazed housing as discussed in Paragraph 2.5.2.

The mounting of the detectors is not a difficult mechanical prob-

lem_ however_ a thermal analysis has shown that a major portion of optical

misalignment with temperature occurs at the detectors because of their rela-

tively larger size. Compensation for temperature-induced changes of the

mechanical and optical alignment must be considered at the initial design

phase. This is of primary importance in the recommended system due to the

minute chopping geometry and miniature sized elements.

Interconnections between the sample cells and the total pressure

transducer will be carefully made with primary emphasis being given to the

integrity of the seals between the subsystems. A prewelded manifold with

solder fittings is considered appropriate for this use. Fittings such as

1/16 O.D. internal swaging types may be used if space permits.

Electrical feed-throughs between the optical side and the elec-

tronics side of the sensor will be hermetic types permanently soldered in

place for maximum sealing reliability. The entire optics side will be suc-

cessively evacuated and back-filled with inert gas several times prior to

final sealing. The cover seal will either be a molded in-place elastometric
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seal or a solder strip seal. In either method_ the unit will meet the her-
metic sealing specification of GradeA_ MIL-S-8484_ that is_ a leakage rate
of one cc/year per inch of seal_ at one atmosphere differential pressure.

The gas connections to the sample point are standard 1/4 inch
flare-tube fittings.

Optical_ General

The optical design concept is based on system designs already

implemented on similar sensors. These designs and their execution are demon-

strations of Perkin-Elmer's optical capability and diversity of fabrication

techniques. The system_ shown in Figure 8_ employs such widely diverse com-

ponents as silicon meniscus lenses_ Fabry-Perot type thin film filters_ sap-

phire windows_ special mirrors with ultraviolet coatings and a state-of-the-

art plane grating. All of the optical elements are of special Perkin-Elmer

design and are fabricated at Perkin-Elmer under close engineering supervision.

The principal design guide used in accomplishing the optical de-

sign was to make the system as small as possible within the bounds of the

photometric requirements. The exhaustive design effort required to accom-

plish this task is indicated in Appendix B where the ray trace and image
evaluation work is outlined.

The selection of the ultraviolet and infrared systems has been

based on the best use of a particular technique in these applications_ and

not solely on a proficiency with one given method. In the infrared system_

wavelength selective filters are moved past a fixed image_ while in the ultra-

violet system_ a clear aperture or window is moved past monochromatic images

which have been separated by a grating monochromator.

In the infrared system_ the image of the source is brought to a

sharp focus at the chopping plane to allow precise modulation of the optical

energy obtained at the detector. The energy is then passed through a sample

cell where the signal wavelength can be used to sense the concentration of

the CO 2 in the gas mixture. This energy in turn is focused on the detectors

and amplified by the electronics to suitable levels.

The ultraviolet system focuses the image of the entrance slit_

which is illuminated by a discharge lamp_ on the exit slit and detector.

The grating receives collimated rays from the spherical mirror and reflects

a spectrally separated pattern of the entrance slit at the chopping plane.

An understanding of the detailed function of the chopper_ de-

scribed in later sections_ can be achieved by a brief description of the tim-

ing sequence used with a torsional chopper. As shown in Figure 9_ when the

angular position of the chopper reaches 6 degrees (an arbitrary angle) the

slit coincides with an Ire f signal for the ultraviolet channel and places the

infrared image on the 4.27_ filter for the infrared channel. In reaching this
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point the chopper quickly passed by the 2 degree position which caused momen-

tary signal spikes in both channels. It will be shown later that these sig-

nals will be blanked-out by the signal sampling mechanism. Switching at time

t3 to the 2 degree position results in the 02 signal for the ultraviolet chan-
nel and places the 4.0_ reference filter at the image of the infrared system.

This sampling continues as detailed in Table I for the remaining portion of

the cycle. It can be noted from Figure 4 that two zero reference modes are

required by the infrared channel since it has one less signal path than the

ultraviolet channel and shares the same chopper blade.

TABLE I

TIMING SEQUENCE

Time

t
O

(Initial Time)

t I

t2

t3

t4

t5

t6

t7

Vane Position

Torquer commanded to +6 ° position

1470A and 4.0_ transients (spikes)

occur as vane passes through +2 °

Vane at +6 ° position. 1470-1560A shut-

ter vane passes radiation through 1560A

slit. 4.27_ filter coincident with fixe_

CO2 mask permitting detector to monitor

CO2 channel.

Torquer commanded to +2 ° position

1470-1560A shutte_ vane passes radia-

tion through 1470A slit. 4.0_ filter

coinicdent with fixed CO2 mask permit-

ting detector to monitor reference
channel

Torquer commanded to -6 ° position

O

1750A transient (spike) occurs as vane

passes through -2 ° position

Vane at -6 ° position. Vane totally

blocks UV and IR radiation

Direction of Motor

observer facing

detector)

CW

CW

CW

CCW

CCW

CCW

CCW

CCW
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TABLEI (Continued)

TIMING SEQUENCE

Time

t8

t9

tl0

tll

t12

Vane Position

Torquer con_nanded to -2 ° position

1750A shutter vane passes radiation

through 1750A slit

Torquer co_anded to +6 ° position

1470A and 4.0_ transients (spikes) occur

as vane passes through +2 °

Same as t2

Direction of Motor

(observer facing

detector)

CW

CW

CW

CW

CW

NOTE

Shutters will be about 10% wider than the

fixed slits so that electrical ringing will

not be observed.

2.1 ULTRAVIOLET SUBSYSTEM (H20 AND 02 CHANNEL)

In the Two-Gas Atmosphere Sensor System the concentration of

oxygen and water vapor is to be measured by observing the transmission of UV

radiation through a fixed path length of sample gas. Spectral selectivity

is obtained by a monochromator. An arc discharge source provides radiant

power which is directed through the sample as monochromatic energy and into

a wide band photoemissive detector_ where its transmission is measured. The

02 and H20 subsystem is essentially an ultraviolet system developed for NASA
for use on a metabolic rate sensor.

The transmission is logarithmically related to the absorption of

the signal energy and_ in a fixed length system_ is also a function of the

concentration of the sample gas at selected wavelengths. Appendix C discusses

this relationship and the basic theory of transmission and absorption measure-
ments.

The transmission characteristics of oxygen are quite transparent

and uneventful from the far IR through the visible and into the near UV region.

A few diffuse weak absorption bands appear between 5300A and 7700A as atmospheric
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absorption bands_ and at wavelengths as long as 1.04_ for the liquid state_
but the strong bands for gaseous 02 lie below 1900A. The absorption becomes
very pronounced at this point and characterizes the entire region known as
the vacuumultraviolet• The detailed spectra of the 02 absorption begins
with the Schumann-RungeSystem_with its strong multiple bands and fine line
structure. Figure i0 shows a high resolution spectral run of this region.

1.0

.90

•80

.70

.60

.5o

.40

•30

.20

•10

Wavelength in M_

Figure i0. High Resolution_ Far-Ultraviolet_

Spectrum of Oxygen (Model 350)

The convergence limit for this system is at 1750.4A with the be-

ginning of the system reported as high as 2221.0A. The regions beyond 1300A_

toward the X-ray region_ are extremely complex without any clear analytic

region unique to oxygen alone• It may be of interest to note that several

windows appear in the oxygen absorption spectra from 1000A to 1300_ but the

characteristics of materials and componen_ in this region make it presently
less suitable than the region from 1300A to 1750_.

The continuum in the 1300A to 1750_ region is characterized by a

broad continuous absorption with a peak value at 1422_ of an absorption co-

efficient to a natural log base of 402 cm -I ± 20 cm -I. The extreme absorption
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represented by the coefficient of 400 cm-I is equivalent to obtaining a 40%
transmittance from a thickness of atmospheric air of only 0.0045 inch. This
extreme sensitivity allows the miniature size used for the sample path lengths
for the oxygen measurement.

The relationship between the water vapor absorption and the oxy-
gen absorption in the 1300A to 1750Aregion is shownin Figure ii. The 02
absorption is so muchhigher than the water vapor absorption at 1470A_that
it is essentially independent of the water vapor. The significance of the
1470Awavelength is that it is the resonance line obtained from the xenon
discharge lamp used for the UV source. A wavelength such as that at 1750_
shows the maximumwater to oxygen absorption index_ or coefficient. By ac-
curately establishing the oxygen concentration at 1470Awavelength_ it is
possible to stabilize the water vapor measurementwith this oxygen signal.
In this ways the effect of oxygen at the 1750Achannel can be eliminated.
This is a commontechnique used in spectroscopy_ usually being accomplished
by placing a pure solvent in the reference beamof a dual-beam system.

Radiation with wavelength equal to or shorter than 2423.65Awill
produce ozone from air or pure oxygen and the efficiency of the reaction in-
creases with shorter wavelengths. Ozoneis also decomposedby UVradiation
so that an equilibrium concentration is difficult to determine analytically.

A numberof methods exist for the determination of ozone. Oneof
the oldest methods is the absorption of ozone in a buffered potassium iodine
solution and the titration of the liberated iodine with a standard solution
of sodium thiosulfate. The method is used as an ASTMstandard procedure
(D I149-62T) and is well defined. _ An electrical adaptation of this methods
called a Microcoulomb OzoneSensors with which the liberated iodine is meas-
ured using a polarized electrode s has been developed by the Mast Development
Companyof Davenports Iowa.

UV absorption techniques can of course be used to determine ozone
concentrations. Precautions must be taken since photodissociation of ozone
in regions below 1600_ produces oxygen which may interfere. Recent techniques
minimize photodissociation during absorption measurementsby placing the ab-
sorption cell between exit slit and the detector. (This is the method used
in the Two-GasAtmosphereSensor.) In this manner_only the monochromatic
energy is introduced into the sample cell. The total lamp output is there-
fore not available for the dissociation process.

Measurementshave been madein an attempt to determine the con-
centration of COcaused by the 1650Adissociation. No measurable quantities
have been observed.

Maximumsystem accuracy is to be obtained for the oxygen measure-
ment by referencing the samewavelength as that used for the transmission
measurement_rather than selecting another wavelength obtained from the xenon
source. This will make the measurementindependent of the shape of the spec-
tral output from the source and will automatically compensate for any small
changes of the resonance line obtained from the source.
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The absorption coefficients of molecular nitrogen have been meas-

ured with photoelectric scanning techniques using intense helium continuum

light sources as background. These measurements show that nitrogen absorbs

strongly in the vacuum ultraviolet at wavelengths shorter than about 1000A.

The absorption spectrum is complex with many strong bands which in some

places are superimposed with ionization continua. For this reason_ nitrogen

may be used as a back fill gas in the UV monochromator operating at 1470_-
1750L

2.1.1 OPTICS - ULTRAVIOLET SUBSYSTEM

To meet_ at the same time_ the requirements for a fast system_

small size_ lightweight_ maximum freedom from stray light and maximum through-

put_ a grating instrument of the Fastie-Ebert type was chosen.

A prism-type spectrometer is attractive from the point of compact-

ness but optical losses and stray light are problems. A grating type spectrom-

eter appeared to be required_ but there are many ways of using diffraction

gratings. Four designs were considered: Paschen_ Eagle_ Wadsworth_ and

Fastie-Ebert. These mountings are quite compact_ with the exception of the

Paschen mount_ and offer concomitant saving in weight; however_ the Eagle

mounting turns out to be somewhat awkward geometrically. Both the Wadsworth

and Fastie-Ebert mountings work out well geometrically to provide a good

mechanical arrangement of all of the component parts. The chief advantage

of the Wadsworth mounting is that it is about half as large as the same grat-

ing on a Rowland circle_ which is used by both the Paschen and Eagle mounts.

Resolving power is unchanged. While the Wadsworth has the added advantage of

being stigmatic_ the Fastie-Ebert has the advantage of being achromatic. In

addition since the Fastie-Ebert mount employs a plane grating it is easier to

control a uniform blaze angle during the ruling operation of the master.

An analysis of the astigmatism of the systems showed the astig-

matic loss for the Paschen mounting to be about 95% and for the Fastie-Ebert_

about 1%. Astigmatic losses in Eagle and Wadsworth mountings are typically

very low. The efficiency of each mounting varies as the reflectivity of the

system. When the system's reflectivity reaches 80%_ the Fastie-Ebert plane

mounting is far superior to the grazing incidence mounting and is comparable

in efficiency to the other mounts considered.

The optical system consists of a Fastie-Ebert grating monochro-

mator followed by a sample cell and detector. It was necessary to use a dis-

persive system_ rather than a smaller filter system_ since there are no fil-

ters suitable for this spectral region. Wherever possible_ reflecting rather

than transmitting elements have been used to permit better transmission of

ultraviolet energy through the system.

27



It was apparent from this study that the Fastie-Ebert system
offers considerable experimental advantages. For examples this monochroma-
tor is in focus for all wavelengths with fixed entrance and exit slits s
fixed illumination angle_ and fixed exit beamangle. Its scanning system
requires only a simple rotation of the grating about a vertical axis through
the grating face. This type of mount can be used effectively down to 1200A
because of the increased reflectivity obtained with aluminum and magnesium
fluoride film combinations. An additional sophistication of our system is
in the use of folding mirrors to eliminate stray light problems. By the use
of these folding mirrors_ appropriately placed at the entrance and exit slits s
we have achieved a minimumvolume design and have eliminated the problem of
stray light bypassing the grating and energizing the detector. The particu-
lar arrangement worked out for the 02 - H20 channels is shownin Figure 8.

The detail functional description of the ultraviolet system may
be more clearly understood by reference to Figure 8. The ultraviolet lamps
which is the source of the energy to be measured in the oxygen and water sys-
tems is supplied by a current regulated s DChigh voltage supply. This supply
is the result of manymonths of design effort on this and other programs. It
has the capability of supplying constant current to the source lamp over a
wide range of input voltages. This is important since both the peak intens-
ity and the spectral distribution of the output power from the lamp is seri-
ously affected by the input current drive to the lamp. By stabilizing the
current we have reduced the excursions of the radiated energy and hence have
reduced the requirements for the automatic gain control or ratio computation
and stabilization.

The energy from the lamp passes through a high performance grat-
ing monochromator_which disperses the output energy and places the selected
wavelengths at the proper slits to allow chopping by the torsional chopper.

The ultraviolet lamp (Part No. 607-1049) is a special xenon-filled
arc lamp developed by Perkin-Elmer. The xenon (Xe) pressure is chosen to give
an output to wavelengths as long as 2000_s and a sharp peak at 1470_ (sample
wavelength). By aligning the optics so that this sharp peak is centered on
the sample slit s it can be determined that the selected wavelengths are emerg-
ing from both slits_ since the separation of the slits and the dispersion of
the monochromatorare known.

The monochromatorprovides the meansof obtaining energy from the
source lamp at wavelengths centered at 1470Aand at 1750A. Figure ii shows
the spectral absorption characteristic of oxygen and water vapor in the vacuum
ultraviolet portion of the spectrum. It can be seen from this illustration
that the maximumabsorption of oxygen is near 1470A. The maximumratio of
water vapor to oxygen is near 1750A. With the concentrations encountered in
the Two-GasAtmosphere Sensor the 1470Asignal is almost entirely a result of
the 02 absorption. In the 1750_ region_ the signal is madeup of almost equal
absorbences of oxygen and water vapor. By dividing the 1750Asignal_ madeup
of the combined 02 and H20_ by that of 1470Awhich is only the 02s stabilized
H20 signal can be obtained.
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The concave mirror_ M2_renders the Xe source energy from the
entrance slit parallel while relaying the energy to the plane grating_ which
is a standard Perkin-Elmer grating as shown in Figure 12. The reflective
grating disperses the energy which is then brought to focus by the concave
mirror. The grating efficiency is about 50%when properly flash-coated with
aluminum and a protective coating of magnesiumfluoride. The exit slits are
placed at the image focal plane. In this configuration_ the entrance and
exit slits are at symmetric conjugate focal planes. Since the spectral range
covered is small_ relative astigmatism is minimized_ resulting in a highly
aberration free system. Mirrors MI and M3 (Figure 13) are used to fold the
system in order to conveniently package the source and detector.

Twoexit slits will be positioned for radiation at _ = 1470_
and _ = 1750_. The exit slit heights and optical material attenuations in
the sampling cells will be selected in order to equalize the spectral intens-
ity incident upon the detector. The 1470_ slit height will be divided into
two approximately equal regions: one region for sample gas and the other for
reference intensity measurements. This feature will provide more accurate
oxygen measurementson a long term basis rather than relying on a continuum
wavelength intensity emitted from the Xe source. To monitor the spectral
channels sequentially with respect to time_ a multiple opening shutter will
be mounted to the chopper assembly and placed ahead of the exit slits. The
details of the chopper are given in Section 2.1.3.

2.1.i.i SAMPLE CELL

The chopped monochromatic energy passes through the spectral

ultraviolet sample cell as shown in Figure 14. This sample cell uses sapphire

windows of selected ultraviolet purity to contain the sample gas. The special

design of the sample cell slits and the chopping blade of the torsional chop-

per allows the detector to observe_ first a 1470_ signal that passes through

the gas in the sample cell and then a 1470A signal that passes through an

empty sample cell. Thus_ two signals of 1470_ wavelengths are alternately

received by the detector. The signal passing through the empty cell_ which

would be unattenuated by the gas_ is used as the reference wavelength for the

automatic gain control system. The 1470_ and the 1750_ signals_ which pass

through the gas in the sample cell_ are the oxygen and the combined oxygen

and water vapor signals respectively. By utilizing the same wavelength_ that

is_ 1470A for both the gas signal and the reference signal_ a system is ob-

tained with maximum stabilization of the oxygen signal. Variations in spec-

tral emission from the discharge lamp will then not affect the stabilization

of the most important signal_ that is_ the oxygen signal. Of course_ if

there is a degradation or severe change in the spectral distribution of energy

from the lamp_ the water vapor signal will be affected. However_ the system

accuracy requirement for the water vapor signal is much less stringent than

that for the oxygen signal.

Since_ as previously indicated_ the strong 02 absorption dictates

a very short path_ the design of the sample cell becomes critical. The entire

optical path_ except for the 0.004 and 0.271-inch sample paths_ is evacuated
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Figure 14. Ultraviolet Sample Cell

or filled with a non-absorbing gas such as N2. The sample gas must pass

through a cell in the optical path_ but is sealed off from the rest of the

optics. Finally_ both the sample cells and optical chamber must be sealed
off from the external environment.

The present design consists of 3 UV grade sapphire windows

mounted as shown in Figure 14. The 0.004-inch (i x 10 -2 cm) cell has a

fixed thickness set by a shim spacer epoxied in place. The 0.271-inch

(6.9 x i0 -I cm) cell is adjustable so that oxygen absorption at 1750_ may

be set to e_ual that at 1470_. The first and second windows have ports to

permit 1470A reference radiation to reach the detector unattenuated by the

sapphire. These ports also permit the volume immediately in front of the

detector to be evacuated or filled with N2. The two cells are pneumatically

coupled together by a rectangular port in the second window and three holes

located in the mechanical structure that holds the second window in place.

Calculations indicate that a path length of 0.004 inch (0.0102 cm)

gives 41% transmittance at 1470_ with an 02 partial pressure of 181 mm Hg

(3.5 psia)_ and that a path length of 0.271 inch (6.9 x i0 -I cm) gives the

same transmittance at 1750_ if no water present or 22% transmittance with an

02 partial pressure of 181 mm Hg (3.5 psia) and an H20 partial pressure of

i0 mmHg.
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2.1.i.2 OPTICAL MATERIALS

One of the essential efforts of the study was to review and de-

fine the characteristics of the useful components and materials for UV appli-

cations of the 02 and H20 sensor. The major types of components considered

were optical materials_ sources_ and detectors and their utilization in a

suitable monochromator for the specific application of the oxygen concentra-

tion determinations. There is little agreement evidenced Sn various UV char-

acteristics of materials. Major emphasis_ however_ must be placed on the

purity and surface condition of the materials. Quartz and sapphir% for

instance_ have a very wide range of grades of which only a few types are

suitable for UVuse. Calcium fluorid% which is generally preferred over

lithium fluorid% except for extreme UV measurements_ often has rare earth

impurities with associated absorption bands in the near UV. Because of their

high reflectance and good adherence to glass_ evaporated aluminum films are

the most frequently used coatings for first surface mirrors in the UV. The

aluminum film has a higher reflectance than any other single film in most of

the UV regions down to 1250_. The techniques used for the evaporation of the

films markedly influence the behavior of the mirrors. The pressures during

deposition should be less than 2 x 10-5 nln of Hg and the evaporation should

be extremely fast. Super pure aluminum is preferred. Heated substrates are

generally not used since they increase surface roughness. The unprotected

surface will show a decrease in reflectance as a thin film of aluminum oxide

forms with age. This is overcome by either storage in a desiccator or evapor-

ation of a protective film such as magnesium fluoride. This is the usual

technique used at Perkin-Elmer. It can be anticipated that withproper tech-

niques_ reflectances in the order of 80% can be obtained to 1300_. These

considerations also apply to replicated gratings. The aluminum surface ob-

tained from the replica process is not a good reflector for extreme UV appli-

cations and must have a flash coating of fresh aluminum with an immediate

magnesium fluoride application. Using this method_ efficiences of the first

order of 50% have been obtained at 1400_. Unprepared surfaces_ by comparison_

could not be expected to offer more than a 3% efficiency at this wavelength.

For the system_ aluminum surfaces overcoated with magnesium fluo-

ride will be used for reflection_ while calcium or lithium fluoride and UV

purity aluminum oxide (sapphire) will be used for transmission elements.

The sapphire will be employed in the sampling cells because of the water

vapor present.

2. i. I. 3 ALIGNMENT

In order to have the system optically aligned_ it is necessary to

have all elements approximately on axis and to have the system adjusted so the

proper wavelengths pass through the slits.

Since placement of none of the optical elements_ except the grat-

ing_ has proven critical (the energy hitting the photomultiplier window is

defocused)3 the entire system is aligned by designing the parts so that the

#
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optical elements are in the proper places. Adjustments for rotating and
tilting the mirrors have proven to be unnecessary. The only necessary adjust-
ments were rotating the grating_ so that 1470_energy goes through the sample
slit_ and aligning the lamp in front of the entrance slit by moving it back
and forth. Since the dispersion of the monochromator and the separation of
the exit slits are known_one knowsthe wavelength emerging from the refer-
ence slit.

After the optics are aligned_ it is necessary to equalize ener-
gies coming through the two slit§. Since there is more energy at 1470_ than
at 1750_3 the height of the 1470Aslit is trimmed. This gives roughly equal
outputs.

An obvious simplification for future units will be to fabricate
the exit slit assembly with a fixed distance between slits and a fixed slit
width. This type of slit assemblywill be photoetched. A height adjustment
for the 1470_slits will be included.

2.1.2 DETECTOR - ULTRAVIOLET SUBSYSTEM

Three detectors were considered for the Two-Gas Atmosphere Sensor.

The first was an E.M.R. _541F-08-18_ which is an 18-stage solar-blind multi-

plier phototube with a CsTe photocathode and LiF window. This was the detec-

tor incorporated into the prototype oxygen sensor and gave a satisfactory

signal-to-noise rati% at a gain of 104 at 1400V. Its capability was greater

than required. The second detector was an I.T.T. vacuum photodiode with a

solar-blind CsTe photocathod% Model FW-156. This is essentially the same as

the E.M.R. photomultiplier without any gain. No signal was discernible above

the noise. The third detector was a miniature (large transistor size) photo-

diode_ Electro-Optical Systems _UVI00. This was not a solar-blind type and

gave enough signal from the overhead fluorescent lights to easily saturate

the preamplifier. When tested in the system_ however_ no signal could be

seen above the noise. It is concluded that a photomultiplier is necessary_
but it need only have a gain of 104 . The E.M.R. type used in the prototype

02 sensor could probably be reduced in size by a factor of two and still

retain the "ruggedized" configuration. A somewhat larger window and photo-

cathode would be desirable to insure no vignetting of the window and probably

simplify sample cell design.

Photoemissive detectors_ such as photomultipliers_ obtained their

spectral characteristics from a cathode photoemissive surface and a particular

window material. Complex and composite surfaces are available but in general

the useful cathodes are characterized solar-blind detectors made of rubidium

or cesium tellurid% which cut off at about 3000_. Window materials of UV

grade sapphire or cleaved lithium fluoride are used to allow response down to

beyond 1400_.

Increased interest in the past few years in spectroscopy in the

middle and far ultraviolet has supplied the impetus for the development of
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photomultipliers specifically designed for these spectral regions. The
spectral responses of these detectors have long wavelength cutoffs from the
cathode characteristics. This serves as an efficient means of rejecting the
scattered radiation in dispersive systems. Difficulty was encountered with
lithium fluoride due to the large difference in thermal expansion between the
lithium fluoride and the glass used for sealing the body of the photomultiplier.

The design considered for the Two-GasAtmosphere Sensor would be
the well-known venetian blind multiplier design_ consisting of successive fused
kovar and 7052 glass rings. Each Lallemand-type venetian blind dynode with
associated field shaping grid is affixed directly to a kovar ring_ which serves
as an electrical feed-through. This design is extremely rugged and gives rise
to minimal dark currents. Present investigations have been madewith 18 dynode
stage construction_ however_ it is anticipated that muchsmaller units would be
used for the Two-GasAtmosphereSensor.

Because of the low vapor pressure and stability of the high work
function photocathodes_ the secondary electron emission characteristics of the
dynodes are comparable and independent of the particular photocathode material.
The gain of the configuration is extremely stable and the current amplification
is reproducible within a few percent over periods of months. The anode dark
current of this type configuration is extremely low_ being equivalent to 10-16
watts input.

2.1.2.1 RELIABILITY ASPECTS

The UV photomultiplier selected for our application is of an ex-

tremely rugged construction_ most suitable for the shock and vibration of

space vehicles. No dynode mount bears its entire weight on lengthened stem

leads. The resistors of a voltage divider network are welded between kovar

rings 3 and the entire envelope is vacuum potted in an epoxy fiber glass sleeve.

The potting compound is a silastic modified by EMR to make it suitable for use

at 150°C.

A high confidence level has been established for EMR photomulti-

plier tubes both through tests conducted here and by customers. Periodically_

vibration tests are made on representative tubes from 70 to 2000 cps at 35 g's

to assure that high standards are being maintained.

A group of photomultiplier tubes of the 541 Series were subjected

to shocks up to 465 g's for I.i millisecond duration by the Associated Testing

Laboratories in Winter Park_ Florida. Each tube was subjected to 5 successive

shocks with electrical performance measured before and after each test. There

was no detectable change in performance.

One Model 541F-08 tube was subjected to vibration tests along the

transverse and vertical axes of the tube from i000 to 3000 cps plus a random

shake from 20 to 2000 cps at 11.5 g's. No changes in signal-to-noise versus

voltage characteristics could be noted. The tube was also subjected to
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repeated series of vibration runs in two transverse directions at two times
this load factor and subsequently vibrated to destruction at 630 cps and
45 g's.

This particular test wasmadeby the Solar Physics Branch at
Goddard SpaceFlight Center of NASA. It was their observation that the
welded joints of the voltage divider network resistors were sufficiently
strong and that the glass structure could not be damagedunder this type
of vibration testing.

Successive life tests have been made in Princeton_ NewJersey_
on tubes of the 541 Series for two successive periods of 60 hours each to
evaluate tube stability. Total measured fluctuation in performance was
found to be less than 5%. However_this variation includes changes that
mayhave occurred in test light sources which could not be separately
monitored.

Kollsman Instrument Corporation has life tested the Model 541B
for a total of 4000 hours with no significant change in performance.

From field information madeavailable by Schlumberger Well
Surveying Corporation in Houston_ Texas_ a test group of 25 photomultipliers
was evaluated for a period of over i0_000 total hours without any failures.

The Lincoln Laboratories of Massachusetts Institute of Technology
evaluated a Model 541A in a centrifuge under dynamic conditions. The accel-
eration load on the vertical axis of the tube was in excess of 175 g's with
no noticeable change in the output signal during the test period.

Ball Brothers in Boulder_ Colorado_ has recently evaluated a
Model 543A to determine if changes in gain are caused by vibrations up to
3000 cycles. Their tests indicated that the change in gain was certainly
less than 2%and probably did not changeat all.

These tests demonstrate the high degree of ruggedness and relia-
bility that is achieved through a unique structural design and an elaborately
controlled processing. As a consequenc%ASCOPphotomultipliers have been
selected for use in Aerobee sounding rocket experiments_ the Trailblazer pro-
gram for atmospheric re-entry studies_ Discoverer and Injun satellites_ and
balloon experiments by the University of Minnesota and Argonne National
Laboratories. Both Sylvania Electric and Kollsman Instrument are using EMR

ASCOP photomultipliers in their guidance control systems for space vehicles.

All Orbiting Astronomical Observatories will have EMR tubes aboard as will

POGO and the OSO.

The following are programs of national interest sponsored by NASA

or DOD using EMR Photomultiplier Tubes:

36



Discoverer - A series of experiments designed to measure electro-

magnetic activity at or near the poles of the earth by the Air
Force and Lawrence Radiation Laboratories.

P

Trailblazer - Programs for the study of atmospheric re-entry phe-

nomena with work contributed by NASA/Langley and M.I.T. Lincoln
Laboratories.

Injun - A study of the behavior of the magnetic belts surrounding

the earth in an attempt to find out why the atmosphere behaves as

it does. Satellite experiments sponsored by NASA with the State

University of Iowa as the principal investigator.

Orbiting Astronomical Observatory - A current program to orbit

three separate satellites to map the radiant intensity of stars

and nebulosites in the ultraviolet over a 12-month period. The

experiments 3 being designed by Smithsonian Institut% NASA/Goddard_

University of Wisconsin_ and Princeton University will carry modern

astronomy a giant step ahead in understanding the universe.

Orbiting Solar Observatory - A study of the electromagnetic radia-

tion from the sun in the ultraviolet_ x-ray_ and gamma ray regions.

The program satellites are being built by Ball Brothers in Boulder_

Colorado_ with ultraviolet spectrometers being provided by NASA/

Goddard and zodical light telescopes by the University of Minnesota.

Polar Orbiting Geophysical Observatories - A group of experiments

integrated by S.T.L. with contributions from NASA/Goddard and J.P.L.

in the design of, spectrometers and photometers to measure auroral

spectra and intensities.

Mariner C - A fly-by space vehicle designed and being built by J.P.L.

with UV photometers to measure the vacuum ultraviolet radiation in

space from the planet Mars.

Operation Tabstone - A series of projects funded by ARPA for sur-

veillance systems of various types.

EMR Photomultipliers_ because of their ruggedness_ sensitivity_

and stability are also being used on large numbers of space probes being

boosted by Aerobee rockets to study airglow in the upper atmosphere. The

major experimenters have been J.P.L. and Johns-Hopkins University. Also_

photoelectric scanners using EMR tubes are being used by Astronomers to

study the death of stars. EMR tubes have played a major role in these in-

struments because of their high sensitivity and low dark currents.

2.1.3 CHOPPER - ULTRAVIOLET SUBSYSTEM

As shown in Figure 9_ which is the torquer angular position and

optical channel outputs 3 the UV channel output (the signal obtained by the UV

37



detector) consists of four different levels of information. The first is
the reference signal obtained from the 1470_signal passing through an empty
sample cell. The second is the 1470_signal passing through the gaseous
sample cell. The third is a zero reference signal obtained by blanking the
optical signal. Finally, the fourth is the 1750_ signal that passes through
the gaseous sample cell. This sequence of signals is repeated each cycle.
The four levels of signals are obtained at four discrete steps in the posi-
tion of the chopper blad% which is driven by a torquer motor.

The torquer motor is a low power, wide band device with flex-
ure bearings. Perkin-Elmer has had good results in using torque motors
of this type in previous equipment. The TIROS radiometer application is

an example. The chopper blade will move through the described sequential

operations at a rate of between I0 and 25 cycles per second. The tor-

sional chopper is electronically controlled in a closed loop system to

provide the proper damping and frequency control. Our experience has shown

that this device requires a much less sophisticated system than that now

used with a tuning fork chopper.

A discussion of the relative merits of the two chopping systems_

that is_ a tuning fork chopper versus a torsional chopper_ is discussed in

detail in paragraph 2.5.3.4. The torsional chopper with flexure bearings

has the advantage that it can be made to dwell at a particular location in

spac% allowing the maximum amount of information to be transmitted to the

detector. Additionally_ being a wide band device very similar to a DC meter

movement_ it can respond to square wave inputs and can be programmed to stop

at particular images in space. It is felt_ because of this characteristic,

that the torsional chopper is more appropriate for this application where

several slits or images are required to be combined on one detector. It is

also our belief that the torsional chopper will provide the best signal in-

formation and will permit maximum utilization of space for a two channel

system. It should be noted that the torsional chopper does not require

lubrication and that during operation_ its flexure bearings would be stressed

at angular rotations much below rating to ensure long life.

Because of the dwell time provided by the torsional chopper_ a

sampling method of detection of the signal information can be used. This is

a decided advantage since minor variations in the chopping geometry of the

signal can be effectively blanked out in the signal processing channel. This

is an improvement over present methods 3 which use the extraction of a Fourier

component from complex wave forms to provide the information for the signal

and reference channels.

2.1.4 SOURCE - ULTRAVIOLET SUBSYSTEM

In order to instrument the UV absorption method of determining

gaseous oxygen concentrations_ it has been necessary to design a special

source of radiant power for use in a particular spectral region. That is_
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in a region determined by the natural absorption characteristics of the gas.
Manyadditional restrictions have been imposed on this design by the proposed
end-item suitability for use with space flight instrumentation. The more
significant of these are: low input power_ small siz% low temperature opera-
tion_ inherent ruggedness3 and long life. These requirements have essentially
been met by lamps already designed for other NASAprograms.

o

The spectral radiance requirement of providing power beyond 2000A

at low temperatures has eliminated any consideration of incandescent sources.

Only enclosed_ low pressure gas discharge sources were considered in this

design. Suitable sources which were considered may be arbitrarily grouped

into four categories: i) hollow cathode glow lamps; 2) cold cathode mercury

lamps; 3) hot cathode mercury lamps; and 4) rare gas arcs.

The hollow cathode glow lamp offers the richest yield of lines in

the oxygen UV region. With suitable design_ careful test and operating life
evaluations it would be feasible to meet all of the requirements. The lamg's

drawback is in its low absolute emission and lack of a continuum. No suita-

ble commercial lamps are available.

Cold cathode mercury lamps operating in an arc discharge p_ovide

two intens% well defined resonance lines in the UV at 1849_ and 2537A.

They require several hundred volts to start but may be started and operated

well within the power requirements. They offer cool operation and have less

sputtering problems than the hollow cathode lamps_ hence they may be made

much smaller.

An effort was made to design a lamp with a filament for lower

voltage operation at higher currents. The filament provided the heat neces-

sary to vaporize the mercury for starting. Initial results were encouraging

in that a special lamp was fabricated which met our specifications.

Sealing to quartz and providing a reliable and useful window

appeared to be the major problems.

The emphasis was moved from mercury lamp to lamps using rare

gas discharges_ when the spectral requirement for extreme UV operation was

recognized. Rare gases_ when properly operated in an arc discharg% exhibit

very similar spectral emission characteristics. They each start emitting at

their respective resonance lines and provide continua that decline in inten-

sity toward the longer wavelengths. The continuum of xenon is the most in-

tense of all the rare gases. It is obtained with reasonable intensity at

the lowest pressur% except for helium. The spectral characteristics of the

rare gas discharge lamps are summarized below:

Gas Resonance Long Wavelength

Line Limit of Continuum
C O

Xe 1470A 2200A
o o

Kr 1236A 1800A
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Gas Resonance Long Wavelength
Line Limit of Continuum

o o

A I067A 1650A
o o

Ne 744A 1050A
o o

He 600A 1050A (Hope field

Continua)

One design for a xenon lamp is shown in Figure 15. The major

problem in its design is the poisoning of the xenon by the window sealant

and its subsequent early failure. This problem can be overcome by the appli-

cation of fabrication techniques already developed by our laser group.

Several early prototype designs were built during 1965 to evalu-

ate the performance of this type of design. Studies were made to determine

the gap length required_ the xenon pressure in the lamp, the materials to be

used for the electrodes_ and the processes and procedures necessary to insure

the proper performance of this lamp. Of prime importance was obtaining the

xenon continuum at a relatively low power, preferably less than one watt.

These efforts were quite successful in providing prototype designs of xenon

lamps operating from one-half to one-watt total input power, in both AC and

DC modes of operation 3 with a controlled spectral output exactly as charac-

terized by the higher pressure lamps found in the literature. That is_ a

strong resonance line followed by a broadening toward the infrared portion

of the spectra. From the resultant spectrum, shown in Figure 16_ it can be
oseen that energy is available from 1470A to well beyond 1750 . Extensive

design effort has gone into developing of a suitable drive circuit for this

lamp. Early efforts were made at an arc discharge rate of 5-I0_000 cycles/

second. However 3 actual measurements made on a vacuum monochromator have

shown that suitable performance can also be obtained with direct voltage

drive on the lamp. Power is sufficiently low to preclude the possibility

of early failures or degradation of performance due to the most common arc

lamp failure mod% that is_ sputtering of the cathode.

An additional consideration in the design of these source lamps

is the sealing required for the windows. Of course the window material must

be transparent to the UV radiant power. This limits the use of the most

common window materials and allows only the use of either high purity UV

grade sapphire or crystal material such as calcium fluoride or cleaved

lithium fluoride. Our present designs use calcium fluorid% although this

is not considered to be the most satisfactory material_ because of the seal-

ing problems that may be encountered. Because the xenon is easily poisoned

by the cement used to hold the window to the body of the lamp and because

the cement epoxy_ or other materials_ used to hold the window to the body

of the lamp3 cannot withstand high bake-out temperatures_ it is difficult

to clean out the lamps sufficiently to prevent contamination_ which will

change the spectral output and have an unknown effect on the reliability

and long life of the lamps. Barium getters have been used successfully in
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Figure 16. Spectral Output of Xenon Lamp

the lamps and have allowed operation of some lamps for periods of months.

No failures of any lamps have occurred due to leakages over time or changes

in characteristics_ which could not be contributed to either breakage of the

lamp or gross leaks resulting from mechanical stresses of mounts or other

malfunctions. No sputtering has been evident in any of the lamps tested by

us. It would be of great interest to design a lamp using a high purity

sapphire window that could be fused to the glass to obtain a seal that would

be compatible with high bake-out temperatures. Efforts would be made in the

design phase to perfect such a design and obtain working prototype models

for tests and possibly final production units. Some problems have occurred

with the present lamp in determining the exact position of the arc in space.

Stabilization of the position of this arc has been difficult. One possible

solution to this problem would be the design of capillary lamps in which the

arc would be limited to the bore of a capillary tube connecting two volumes.

This is a typical configuration seen by small laser tubes. Several bodies

of this type have been made up; but have been unsuccessful in our experiments

to date. In conclusion_ various improvements in the design are anticipated 3

but in any case present designs are adequate for laboratory analysis and may

be suitable for the actual installation of production units. Testing and the

area of improved source design will be efforts of the Phase II portion of the

program.
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2. I. 5 ELECTRONICS-ULTRAVIOLET SUBSYSTEM

The electronic system consists essentially of two AGC loops_ each

of which provides an analog ratio computation; in the first loop_ the circuit

automatically and continuously divides the combined oxygen and reference sig-

nal to provide a stabilized oxygen signal. The second AGC loop works in a

similar manner. In that case the water vapor_ oxygen_ and reference signal

is divided by the oxygen and reference signal to yield a stabilized water

vapor signal. The switching system that provides this sequence of operation

is shown in the torquer timing sequence diagram of Figure 4. As can be seen

from this illustration_ the timing pulses are shorter in duration than the

position of the torquer angular position. Therefore_ the leading edge of

the signal pulse_ which may contain a transient_ is blanked out from the
signal processing information.

The stabilized electrical output from the oxygen channel is com-

bined in an analog sunlning circuit with the signal from the total pressure

transducer. In addition_ a constant_ representing a contribution of the H20

and CO2 concentrations is added as a third signal in this circuit. The out-

put of the circuit is then related to the partial pressure of nitrogen. Each

of the four outputs provided by the UV channel and total pressure transducer

is provided with redundant outputs_ which are electrically independent of each
other.

The signal processing electronics for the Oxygen (02) _ Water

Vapor (H20)_ and Nitrogen (N2) subsystems_ are described in detail in the

following paragraphs.

2.1.5. i OXYGEN (02) SUBSYSTEM

The subsystem is based on the use of a photomultiplier detector-

amplifier. This requires about i000 to 1500 volts for operation_ and will

be encapsulated to eliminate any corona or arcing tendencies. The supply

for this is under control of the subsystem automatic gain control loop

(AGC)_ thus_ the voltage automatically increases or decreases to compensate

for long term light or gain changes. The output of the photomultiplier is

wideband amplified and passed through a second AGC stage. The second stage

works in conjunction with the variable high voltage power supply to compensate

for long term signal shifts (a detail design may show that only one of the two

AGC controls is actually required). The signal is then amplified and passed

on to the sampling system. The signal at the output of the dc restorer ap-
pears as shown in Figure 17.

Either this signal_ or its reverse polarity_ may be processed by

sampling. In the former case_ TS 2 is used for dc restoration_ establishing

the voltage during that interval as the system zero_ then_ TSI is used to

sample for the oxygen intensity and TS4 the reference intensity. Thus_ the

processing block diagram becomes as shown in Figure 18.
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An analysis of the signal processing shows that:

e2 = c_kI 1(02)

where

e3 = c_k2 I(R)

kI =

k2 =

gain constant_ signal channel

gain constant_ AGCchannel

but_

or_

hence_

thus_

e = e_ -A _- 0
3 as a limit

c_ 21(R) -A = 0

A

k2 I(R)

A kI I(02)

e 2 =
k2 I(R)

which is a direct measure of the

oxygen/reference ratio.

If the signal polarity is reversed_ and the timing of the dc restorer and

AGC channels are interchanged_ the processing becomes:

e2 = C_ I [I(R) - 1(02) ]

e3 = c_k2 I(R)

and_

hence_

c = e_J -A = O_ 2 I(R) -A _ 0as a limit

A

k2 I(R)
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thus,

Ie2 - k2 I(R) - k2 I(R) '

which also is a direct measure of the oxygen/reference ratio.

Note that in either form_ the signal processing is directly

linear_ and that cross-coupling between the data channel and the AGC is not

required to achieve linearity (as is the case for the present CO 2 detector).

Since it is an objective to make the overall system linear_ and

since the gas absorption is exponential_ it is desirable to introduce a non-

linearity into the system. This is achieved by a "linearizer" stage shown

in dotted lines on Figure 18. This takes a fraction of the output signal

and employs it to modify the system gain. In this case:

hence_

thus_

e2 =

(zk2 I(R) - A- (_kI _ 1(02) as a limit 0

A

k2 I(R) - kI _ 1(02)

Ak I (02)

k2 I(R) - k I _ 1(02)

or_ if the signal polarity is reversed

e2

Ak I II(R) - 1(02) ]

k2 l(R) - k I _ El(R) - I(02) ]

thus_ the linearity of the entire signal system can be modified as desired by

the selection of the value of kL.

The sampling demodulation system is analyzed in detail in Appen-

dix A_ Paragraph 2.3_ and summarized in Paragraph 2.4.3.B. From this analy-

sis it is evident that the sampling duty cycle_ ks_ establishes both the sig-

nal and noise output power; both decreasing with a decreasing k s . In order

to maintain a reasonable S/N power ratio_ it has been pointed out that k s

should be held as high as practical_ and in this case is in the order of 0.156.

Although it might appear that slight variations in ks would upset the calibration_
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this can be prevented by employing an integrating sample and hold circuit.
Such a circuit is relatively insensitive to variations in ks_ and is instru-
mented simply as a part of the active low pass filter-amplifier stage that
follows the sampler. This filter has a low frequency cutoff_ fy_ in the
order of i cycle per second_ in order to keep the system signal-to-noise
power as low as possible. The system upper bandpass limit (prior to the
filter) is f_ and is selected to pass significant signal harmonics. In this
case f_ is in the order of 5/&T to 10/&T_ where &T = 20 ms. Hence_ f_ is in
the range of 250 to 500 cps; it is of course desireable to make this as low
as possible to minimize noise_ which is proportional to fa.

The output of the integrating sample and hold circuit is ampli-
fied and drives two (redundant) output drivers. These drivers have a signal
voltage range of 0 to 5 volts. It should be noted that the input to the sig-
nal amplifier includes a constant RI. (See Figure 6.) By adjustment of this
constant the zero point of the output voltage may be shifted and by adjustment
of the gain control the calibration can be set. Therefore_ through the use
of the two controls it is possible to achieve scale expansion of any desired
range of the detector.

2.1.5.2 WATER (H20) SUBSYSTEM

The operation of this subsystem is identical in theory to that of

the oxygen. The only variants are:

a) the AGC loop is sampled at time TS I

b) the signal output is sampled at time TS 3

The output therefore will be in the form of either

A I k I I(H20)

e2 =
k2 1(02 ) - k 1% I(H20)

or_

-
e2 = [i(02) I(H20) ]k2 I(02) - k 1%

depending upon the polarity convention selected. Note that the water is meas-

ured relative to the oxygen. This is done to achieve the greatest system ac-

curacy_ since the anticipated water content is small. If subsequent investi-

gation shows that sufficient accuracy can be achieved_ this extra AGC loop may

be eliminated_ and the water measured directly relative to the reference.
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The signal output range is 0 to 5 volts_ and is available from
redundant drivers.

2.1.5.3 NITROGEN(N2) SUBSYSTEM

The nitrogen content is computed from the total pressure. Al-

though it would be possible to subtract the actual values of the C02_ O2_

and H20 from the total pressure to find the nitrogen pressure_ it is reason-

able to assume that the value of the sum of CO2 and H20 will fall within de-

fined ranges_ and that a constant may be substituted. Thus_ the value of N2

is actually found by subtracting the sum of a constant (C) and 02 from the

total pressure as shown in Figure 6. This is done in a differential input

amplifier. The output signal range is 0 to 5 volts_ and is available from
redundant output drivers.

2.2 INFRARED SUBSYSTEM (CO 2 CHANNEL)

The CO 2 monitoring subsystem is basically a very simple infrared

lens-filter system as shown in Figure 8. The design is based upon models de-

veloped under NASA Contract No. NAS 9-1191 and NAS 9-2255 by the Perkin-Elmer

Corporation and is similar to the CO2 measurement system optical schematic in
Figure 19.

Basically_ the system is a single beam_ dual wavelength_ filter

radiometer with ratio readout. The dual filter_ which has the characteristics

shown in Figure 20_ is mounted opposite the shutter openings of the 02-H20

monitor subsystem. The filters are located at a point in the optical system

where a small image of the source is formed in space. As the chopper moves

the dual filter back and forth across the light beam and a light baffling mask_

energy is interrupted at the sample and reference wavelengths.

As a result of the chopper positions and the spectral character-

istics of CO2_ the detector signal has the appearance shown in Figure 4. IR

is a measure of the energy received by the detector at the reference wave-

length (4.0 microns) where CO2 does not absorb_ the IS is a measure of the

energy received at the sample wavelength (4.27 microns) where CO 2 does absorb.

With no CO 2 in the sample_ IS will decrease in amplitude relative to IR.

Thus_ the essential information for selectively and quantitatively measuring

the amount of CO2 in the sample is present in the detector signal. An elec-

tronic system "decodes" the detector signal_ computes the ratio of IS to IR_

and reads out a continuous DC voltage as a function of the partial pressure
CO 2 in the sample gas.
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Figure 20. CO 2 Transmission Characteristics

2.2. i OPTICS - INFRARED SUBSYSTEM

The infrared absorption spectra of gases which might be found in

a typical closed environment are shown in the graph of Figure 21. The con-

centration of the gases was chosen to show the absorption on a 0-100% scale.

These concentrations are vastly different than the amounts actually found in

a closed environment_ but for the purposes of this discussion_ tend to indi-

cate a "worst case" condition. From this graph_ the wavelength of 4.27 microns

was selected for the CO2 measurement wavelength and a reference wavelength of

4.0 microns was also selected. All other gases will have essentially equal

effects at 4.0 and 4.27 microns except CO 2.

The desired spectral characteristics of the system are shown in

Figure 20. As shown in the illustration_ the system would allow a spectral

passband at 4.27 microns coinciding with the CO2 absorption band and a refer-

ence spectral band at 4.0 microns. The reference band basically provides a

means of monitoring the infrared source output_ dust and dirt on the optics_

and detector sensitivity. In order to develop a system with the above de-

scribed characteristics_ specialized optical components are required.
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Optics

The optical system consists of a source (a small_ military speci-

fication_ tungsten lamp)_ collimating lens_ another lens that re-images the

source on the dual filter_ and finally another lens pair_ which re-images the

chopped and filtered source image onto the detector target.

The sample cell_ approximately 4.5 cm in length_ will be located

between the third and fourth lens elements and will be pneumatically coupled

to the 02-H20 subsystem absorption cells.

Dual Wavelength Filter (See Figure 22)

The design and fabrication of a small dual wavelength filter is a

unique requirement of the CO 2 Sensor. The most important consideration in de-

signing this component is the input power specification for the unit. Particu-

larly_ this specification imposes the following limits on the filter design:
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a) The input power limit forces the use of a very

small infrared source. This source has a small

image in a I/i optical system. Thus_ a small

image is formed at the chopping point.

b) A very low-power chopper is also required as a

result of the input power specification. For

the Apollo CO2 Sensor this chopper is a tuning

fork. In order to keep the power low_ it is

necessary to keep the fork excursion low which

means that the chopping element must be accurate.

Als% since the chopping element is directly at-

tached to the fork tine_ the element weight must

be kept low so that the fork is not required to

move a large mass.

The dual wavelength filter serves as the chopping element in the

CO 2 Sensor. The above limitations mean that the filter must be small_ of low

mass_ and accurate. In addition_ to obtain the proper chopping action_ it is

necessary for the filter to have a "black" or zero transmission region between

the two wavelength transmitting regions.

The basic filter is made from a one-inch square of germanium_

0.044 inch thick. The interference filter for hl_ is coated onto the blank

through a 0.500 x 0.5125-inch mask. Thus_ the mask exposes half of the area

plus 0.0125 inch down the center. After coating on hl_ the mask is placed

over the other half of the substrate and the interference filter for h2 is

coated on. The result is that the overlap region in the center (0.0250 inch)

has both h I and h2 filters coated on it. This creates a zero transmittance

region_ on one side of which is the h I filter and on the other side is the h2
filter.

The large dual filter blank is then cut on a diamond wheel to pro-

duce many small filter elements_ which are 0.15 x 0.15 inch square by 0.044

inch thick. This procedure provides a very simple and efficient method of

producing small dual-wavelength filters.

The desired filter characteristics are achieved by carefully con-

trolling the coating material_ coating thickness_ and number of layers. The

entire coating procedure is monitored by measuring the optical coating thick-

ness as it is being applied.

A spectrometric run of one half of the dual-wavelength filter is

given in Figure 23. It indicates a 63% transmission spike centered at 4.0

microns. Figure 24 is a spectrometric run of the second half of the dual-

wavelength filter and indicates a 61% transmission spike centered at 4.25

microns (4.27_ would be ideal). One of the filters also has a coating over

its entire reverse face_ which blocks all wavelengths below 3.50 microns.
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Gas Compartment Window

Figure 25 is a spectrometric record of the window placed between

the gas compartment and the detector. It again is a coated filter_ but on a
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m

_" 40
E-_

20
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Figure 25. Spectrometric Run - Detector Filter

sapphire substrate as shown in Figure 26. This filter has a cutoff at 5.05

microns and serves to block the wavelength transmission beyond 5.0 microns

shown in Figures 24 and 25.

Detector Window

The detector window is a piece of silicon with an anti-reflection

coating for peak transmission at 4.0 microns. Figure 27 indicates the trans-

mission of this element. This element is long and comes within 0.067 inch of

the detector element which assures a minimum amount of unknown air path outside

of the gas compartment.
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Spectral Transmission of Coated Silicon

Lens Element

A single spherical lens of polycrystalline silicon is used through-

out the system and is shown in Figure 28. Silicon was chosen for its high in-

frared transmission and desired index of refraction. Optical anti-reflection

coatings were applied to all lens surfaces to peak the infrared transmission in

the 4-micron band to approximately 98 percent.

Optical System

The resultant spectral characteristics of the IR system are shown

in Figure 29. This indicates that by careful application of materials and

coatings_ the overall transmission has been held at 30-35%_ although seven

optical elements are employed.
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2.2.2 DETECTOR - INFRARED SUBSYSTEM

The energy from the infrared light source is optically focused on

a Photo-Electric Magnetic (PEM) InSb infrared detector. Using the Hall effect_

the magnetically biased semi-conductor generates a voltage proportional to the

incident infrared energy. The detector is magnetically shielded to protect it

from external magnetic fields generated by the chopper and other magnetic de-

vices in the unit. The detector is similar to the unit employed in the pres-

ent Apollo CO2 sensor_ as shown in Figure 30.

The detector is dc coupled to the low noise amplifier. Although

the impedance match is not optimum_ insofar as signal noise considerations are

concerned_ the use of an impedance matching transformer (as used in the pres-

ent CO 2 sensor) is not recommended. The use of a transformer for such a low

frequency of operation (basic rate = 12.5 cps) would be difficult_ and in gen-

eral_ would be undesirable from a size_ shielding_ and environmental shock-

vibration susceptibility standpoint. The loss in S/N can be compensated by

increasing the signal without a corresponding increase in amplifier noise.
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2 .2 .3 CHOPPER - INFRARED SUBSYSTEM

The chopper requirements for the CO 2 channel are somewhat less

stringent than those for the ultraviolet channel_ because only three bits

of information are required for the CO 2 system. Whereas the measurement

of two gases in the ultraviolet system requires four pieces of informa-

tion: the signal information for the oxygen and again for the water_ the

reference information to stabilize the oxygen signal_ and zero informa-

tion as a basic reference. The CO2 system only requires signal informa-

tion related to the concentration of CO2_ reference information related

to the overall system's transmission_ and a zero reference. Three chan-

nels of information can be quite successfully obtained by a tuning for_

with relatively small excursions as has been successfully done on the

Apollo CO 2 sensor.

The chopper for the carbon dioxide channel can take one of

two forms: it can be an independent chopper such as a tuning fork_ or

it can share a portion of an overall chopper with the ultraviolet channel.

Results of our present investigation indicate one of two possible methods_

which are compared in Paragraph 2.5.3.4. One method would be to use in-

dependent tuning forks for the CO 2 sensor channel and for the O2-H20

channels as optical choppers. The simultaneous use of the tuning forks

is not generally recommended because of the minimum slit widths_ which

would be required for a system of this typ% and the inefficient utiliza-

tion of components.

The preferred method is to use a torsional chopper (common

to both channels) driven by a torquer motor with flexure bearings. The

torsional chopper will allow a simplification of the timing electronics

in that it may be driven to any one of a number of discrete positions

and held there for an indefinite time.

2.2.4 SOURCE - INFRARED SUBSYSTEM

The infrared source (Part No. 575-3009) is a standard MS

type tungsten filament lamp operated at a low voltage to obtain a life-

time rating of 106 hours. It was chosen to obtain the maximum 4-micron

output with minimum Power input. The thin glass wall on this bulb allows

infrared transmission out to almost 5.0 microns. The filament active

dimension is 0.5 inch by 0.01 inch.
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2.2.5 ELECTRONICS

A simplified block diagram of the CO2 subsystem is shown in

Figure 31.

 jcHGain

i

Detector [

ocRestorer

TS 2

Sampler _ e3

TS 4

Figure 31. CO 2 Subsystem Block Diagram

The signal waveform at the output of the dc restorer appears as:

_Z(R)

_Z (CO2) _I

12.5 ms

TS 4

12.5 ms

TS
i

12.5 ms

TS 2

|

12.5 ms

TS 3

12.5 ms

TS 4
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Either this signal_ or its reverse polarity may be processed by
the sampling. In the former case_

e2 = f_kI I(CO2)

e3 = c_k2 I(R)

and

e = o_ 2 I(R) - A -- 0as a limit

hence_

m

A

k2 I(R)

therefore_

A kI I(CO 2)

e2 = k2 I(R)

In the latter case (i.e._ reversed polarity)_ the timing pulses TS-2 and

TS-4 are interchanged_ and the output changes to:

e2 = C_kl E I(R) - I(CO 2)

e3 = _k2 I (R)
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hence_
A kI E I(R) - I(C02) _ A kI I(C02)

e2= - _I --]
k2 l(R) k2 I (R)

Either form of e2 may be used. As in the case of the oxygen sub-

system_ it is desirable to introduce a non-linearity to make the overall proc-

essing_ including the gas path_ more linear. This is done by feeding a frac-

tion (kL) of the CO2 output back into the AGC system_ as shown on the block

diagram. The output then becomes:

A kI I(CO 2)

e2 =
k 2 I(R) - kI _ I(C02)

for polarities as shown_ or_

AkI  (c02)]
e2 =

k2 I(R) - k I _ I(C02) '

if the polarities are reversed and the timing is changed.

The output signal range is from 0 to 5 VDC_ and is available

from two redundant output drivers.
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2.3 TOTAL PRESSURE (PT) SUBSYSTEM

The total pressure subsystem will consist of a strain gauge trans-

ducer of an improved flight qualified design which will be fed from an iso-

lated and regulated electronic converter. The output from the strain gauge

bridge will be fed to an operational amplifier which in turn will drive a 0-5

volt full scale signal for the pressure range desired. This output signal

will then be operated on in the electronics of the Two-Gas Atmosphere Sensor

to subtract the partial pressures of 02 and a fixed constant to obtain a de-

termination of N 2 total pressure.

The total pressure transducer selected for this application is a

flight model similar to that presently manufactured by the Consolidated Con-

trois Corporation of Bethel_ Connecticut. This device operates on the varia-

ble reluctance principle instead of the usual strain gauge system. A magnetized

diaphragm in a sealed capsule is between two electrical sensing coils of an AC

bridge. Motion of the diaphragm unbalances the bridge generating a signal pro-

portional to the imposed pressure. This signal is amplified and demodulated

for a 0 to 5 VDC output. The sensing device is designated as a 41PD65 High

Reliability Absolute Pressure Transducer. To permit scale expansion_ a con-

stant R (Figure 6)_ is fed into the amplifier stage. With this_ and the2
stage feedback gain control_ the scale may be expanded and set to provide an

output signal range of from 0 to 5 VDC.

This is considered to be the most accurate method for this evalua-

tion. The total pressure transducer is a relatively small portion of the system

and will be available as an accurate primary measurement. This total pressure

will also be provided as an output for use in evaluating the system.

2.4 ELECTRONICS PACKAGING CONCEPT

The Two-Gas Atmosphere Sensor electronics must be packaged within

the specified assembly configuration and volume_ and must be as light in weight

as possible. Secondary requirements dictate a producible design which will be

economical and feasible for the predicted delivery schedule. The assembly must

of course be dependable in the anticipated environment_ and must be accessible

for maintenance and circuit adjustment.

A modular concept is proposed_ whereby standard discrete piece

parts are assembled in cordwood fashion_ interconnected primarily by welding_

and then encapsulated in a foam for maximum weight savings. A packaging tech-

nique using microcircuits is also considered.

The overall packaging concept for the Two-Gas Atmosphere Sensor

electronics is depicted in Figure 32. The 734 electronic parts are packaged

into five welded-cordwood 3 foam-encapsulated electronic modules. Four modules

are located in one section of the assembly_ while the fifth is located in an

adjacent area.
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pounds.

p ound.

The five modules require a volume of 28.38 in 3 and weigh 1.40

The wiring module requires an additional 4.5 cubic inches and 0.12

The group of four modules is electrically interconnected and also

held in place using a wiring module. The wiring module is a point-to-point

wired_ encapsulated subassembly having split-pin_ wire-wrap terminals that

mate with the electronic module terminals. The electronic modules are first

connected to the wiring module_ and then the entire subassembly is placed in

the assembly. The wiring module compresses the four modules onto the bulk-

head running through the main assembly. It is fastened down by screwing it

to tapped bosses located on the assembly sides and the bulkhead. (See

Figure 32.)

Since the environment that the electronic modules will have to

withstand is not extremely severe_ exotic designs and fastening methods are

not required.

In order to account for dimensional differences between the heights

of the electronic modules 3 it may be necessary to place a resilient compound

at the base of the subassembly.

Wires coming and going to other parts of the assembly pass directly

into the wiring module without the need for a friction connector. Thirty-four

wires are required. A loop is provided in the cabling to permit partial re-

moval of the electronic subassembly. When modules have to be removed_ the

four fastening screws are taken out and the entire subassembly is lifted as

far from the assembly as the cables allow. Any module can then be removed

from the group by unwrapping its interconnecting terminals. In the case of

the fifth module_ turret-type terminals are provided on one surface to which

the in/out wiring is soldered. In the event that this module should require

replacement_ the wires are unsoldered_ the flange screws taken out_ and the

module completely removed from the subassembly.

The modules are EMI shielded_ primarily by the sides of the assembly.

Exposed surfaces between the modules are shielded using laminated copper and

mylar sheets. The shields are "L" shaped in order to simultaneously provide a

thermally conductive path between the modules and the assembly.

Heat generated in the module is conducted through the foam_ then

to the mylar and copper laminated shield_ and on down to the assembly's bulk-

head. Some heat is also conducted through the parts and wiring. Total dissi-

pation can vary from 3 to 15 watts. The 2 watt difference exists in the PM

power supply and ultraviolet lamp driver module. The group of four modules

dissipates one watt of thermal energy.

The PM power supply and ultraviolet lamp driver module is isolated

from the remaining modules for several reasons. Since the power dissipation

in this module is high (2 to 4 watts)_ the module is bolted directly to a
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metallic surface so that it can efficiently conduct its heat to a large mass.

Also_ this module contains 700 and 1500 volt output lines which should be

located as far away from the remainder of the electronics as possible.

2.4.1 ELECTRONIC MODULE

Five electronic modules are required. Table II depicts the

module/part breakdown. A typical electronic modul% shown in Figure 33_

Figure 33. Typical Cordwood Module

consists of several submodules electrically interconnected by two welded

matrix layers. The submodules are cordwood_ welded units as described in

Paragraph 2.4.1.1. After assembly and welding_ the entire unit is encapsu-

lated using a i0 ibs./ft 3 foam to environmentally protect and house all the

parts. The foam encapsulant provides essential thermal_ vibration_ shock_

and acceleration control_ while maintaining the foremost packaging criterion-

light weight. A laminated copper/mylar sheet is bonded to the modules to

provide shielding between adjacent modules. The sheet also provides a con-

ductive path through which some of the module's heat can be carried to the

assembly.

Split-pin wire-wrap terminals (0.015 x 0.025 inch) provide elec-

trical connections between the module matrix layers and the wiring module.

An epoxy board_ 1/16 inch thick_ is used as a terminal header in the module.

Table III presents the weight calculations for the five modules. The total

weight is 1.40 pounds.
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TABLE III

MODULE WEIGHT CALCULATIONS

i.

.

Be

.

De

e

Foam:

Assume 60% of module volume is foam

Volume of 5 modules is 28.35 in 3

Weight of foam = (28.38 x 0.6) 0.0058 ibs./in 3 =

Parts and Wiring:

40% of volume is parts and associated wiring

Density is 0.i ibs/in 3

Weight = (28.38 x 0.4) 0.i =

Header Boards:

Vol = 0.77 in3_ Density = 0.047 ibs./in 3

Weight = 0.77 x 0.047 =

"T" fram% Module _5:

Volume = 0.525 in3_ Density = 0.i ibs ./in 3

Weight.= 0.525 x 0.i =

Shields:

Size = (2.2 + 1.0) (2.8) (0.007) inches

Copper = 0.003 in._ mylar = 0.002 in. thick
ibs.

Weight = (3.2 x 2.8) (0.003 x 0.3 _ + 0.004 x 0.05
in

ibs.
(4) =

in

Miscellaneous

Total Weight

(Pounds)

0.099

1.130

0.036

0.053

0.040

0.053

1.400
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The form factors of the five modules are shown in Figure 35.

Modules #i_ #2_ and #3 are basically the sam% but have different thicknesses

due to the s%ze of the piece parts. Module _i contains many small parts_ as

well as transformers_ chokes_ and some large bypass or filter type capacitors.

Module _4 is also 1.0 inch thick due to the presence of larg% bulky parts in

the EEl and DC/DC converter circuitry. Moreover_ Module 44 is on the end of

the module stack where bosses are required in the assembly case sides. (See

Figure 32.) Cutouts_ 3/8-inch squar% are provided in order to permit the

electronic subassembly to be installed and removed from the main housing.

Holes are located on the edges of the terminal face of each module

(Figure 33) to permit access to each potentiometer while the entire subassembly

is fastened in place in the assembly.

Module #5 (Figure 34) contains the ultraviolet lamp driver and PM

power supply. Its basic design is different from the other four modules_ pri-

marily because of its high heat dissipation (2 to 4 watts)_ its mounting re-

quirements_ the type of electronic parts required_ and the high-voltage (700-

1500V) output lines. The module consists of three submodules_ as well as

other larg% bulky piece parts. An aluminum_ "T" shaped_ 1/16 inch thick

frame is used to mount the highly dissipative parts and to fasten the module

\

%
%

Figure 34. Module No. 5
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to the assembly bulkhead. (Paragraph 2.4.4.1 contains a sample thermal anal-

ysis for this module.) The entire module is encapsulated in foam at final

as semb ly.

In/out connections are soldered to turrets on one face of the

module. Internal connections to the turrets come from the module's matrix

layers or through point-to-point wiring from the larger parts. The high-

voltage output lines are located on one end of the terminal area in order

to isolate them from the other terminals. High dielectric strength cabling

is then soldered to the turrets and fed to the photomultiplier tube and

ultraviolet lamp.

2.4. i. 1 SUBMODUI_S

The submodules are functional electronic units fabricated using

cordwood techniques. The parts are cordwood stacked for maximum volume effi-

ciency. Each submodule performs a discrete electronic function (i.e._ ampli-

fier_ demodulator, etc.). There is a total of 35 submodules of approximately

18 types in the complete system. As noted earlier, the 35 submodules are
housed in five electronic modules.

The majority of the submodules are considered "throw-away" items

in the event of failure. Those requiring discrete part replacement employ

procedures similar to those on the present Apollo CO 2 sensor. Here, a fine

drilling instrument and template are used to locate the part in question.

A skilled operator can penetrate the potting compound and isolate the faulty

part. A new part is then loaded and welded in place, and the unit is re-
encapsulated.

It should be noted that the submodule approach still permits the

removal of a discrete part without removing the entire submodule from the

electronic module. Two matrix films must be penetrated in order to do so_

however. In some instances, it would be just as simple to remove the dis-

crete part as it would be to remove and replace an entire submodule.

The distinct advantage of submodules is cost and schedule. The

modules can be fabricated much faster and cheaper when parallel effort is

employed. Also, loss of a part or manufacturing errors have less impact on

final assembly than if the parts were assembled as large modules. Design

changes which may occur during the early, prototype phase of the program

are also more easily controlled using the submodule concept.

There are two means of electrically interconnecting the parts in

a submodule, each having distinct advantages. One technique is soldering and

printed-circuit boards, the other is matrix and/or point-to-point welding.

The printed circuit board approach is the most feasible for automated and

simple production techniques.

The matrix or point-to-point welding approach would b% in gen-

eral, lighter in weight but more expensive to fabricate_ since it is not easy
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to automate the process. The welding process is more reliable than the flow
solder operation_ especially if heat sensitive parts are used. The weight
of the insulating films and wire is less than the printed circuit board and
solder. If high production quantities are contemplated_ the printed circuit
approach will be investigated. Otherwis% the welded approach is best.

Shielding should not be required between individual submodules
within a module. Copper and mylar laminated sheets could be wrapped around
each submodule if necessary.

The average submodul% containing 15 to 30 discrete parts_ meas-
ures approximately 0.6 x 1.0 x 0.75 inch. Each submodulewill represent a
distinct electronic function and is therefore easily tested. Each submodule
will remain unencapsulated until final assembly_when the entire electronic
module will be foamed.

2.4.1.2 SHIELDING

The electronic modules are so located that three sides of the

modules are already shielded by the assembly case. Shielding between modules

is accomplished by bonding a laminated copper and mylar sheet to one of the

2.2 x 2.8 inch sides of each module. A copper tab from each laminated sheet

will be bent over and soldered to the ground terminal on each module as shown

in Figure 32. The header portion of the modules is not shielded. Based on

experience with the Apollo CO 2 sensor_ shielding of this surface should not
be required.

Since the shield also serves as a heat conductor for the modul%

it must carry the heat to the base of the subassembly. Therefor% the shield

is "L" shaped to cover not only the largest surface area of the module but

also to cover the base of the module. Paragraph 2.4.4 shows how the heat is

conducted away from the module.

2.4. I. 3 MAINTENANCE/REPAIRABILITY

The electronic subassembly is maintainable to the module level.

Maintenance at the submodule and piece part levels requires more difficult

procedures and_ depending on the skill of the operator_ may render the units
unreliable. The maintenance of the module and/or the submodules should take

place in a controlled environment. No maintenance is provided for the field

or in flight.

Fault isolation to a module can be easily accomplished without

physically removing any module. Since the split-pi% wire-wrap approach

permits isolation of the electronic module terminal from the wiring module

terminal_ without removing the electronic modul% the faulty circuit can be

quickly isolated. The isolation is done by unwrapping the two wrapped ter-

minals and placing a thin insulating material between them. Once the faulty

module is located_ the entire subassembly is removed and the faulty module

replaced. No electrical connections 3 other than those of the faulty modul%
need be broken.
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It is then possible to isolate the problem to a faulty submodule
by removing the foam covering the wiring matrix. Depending on the particular
modules and submoduledesign_ either the submoduleor the piece part is re-
moved. This requires a careful drilling and rewelding operation_ which can
be successfully accomplished. Experience has shownthat, whenproperly exe-
cuted, the module or submodulecan be repaired without any noticeable degra-
dation of reliability. It is also important to note that repair prior to
foaming the modules is facilitated by the submoduleapproach.

2.4.2 WIRING SUBASSEMBLY

Electrical interconnections between modules and to the remainder

of the assembly are accomplished using a point-to-point wiring subassembly

and stranded hook-up wire as shown in Figure 36. The wiring subassembly

Figure 36. Wiring Subassembly (Encapsulant Partially Removed)

contains split-pin, wire-wrap terminals which are point-to-point intercon-

nected using solid 3 Formvar-insulated wire. Connections from the wiring

subassembly to the other parts of the assembly are performed using stranded

wire and percussive-arc welding. The wiring subassembly provides a reliable,

simple, lightweight, and easily maintainable means of interconnecting the
four electronic modules.
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The lightest method knownfor interconnecting a few electronic
modules is to use small_ lightweight_ point-to-point wiring. However_other
requirements such as maintainability_ often increase weight and complicate
the design. The proposed approach makesmaximumuse of point-to-point wiring
while minimizing the impact of maintainability.

A fiber glass_ G-10 type of board with a 3/64 inch thick base is
used to support the wire-wrap roll pin. On three sides 3 the 3/64 inch dimen-
sion is increased to 3/16 inch to contain the wiring and encapsulant. The
wire-wwrap roll pin is tubular in shape in order to allow the electronic mod-
ule's mating terminal to pass through it without any insertion or withdrawal
force. A wire-wrap terminal is provided on one end of the tubular roll pin
and mates with the electronic module's terminal. The two terminals are then
wrapped together using a separate piece of soft copper wire to form a relia-
bl% gas-tight joint. The resultant connection can be wrapped and rewrapped
many times (50 or more) without noticeable degradation to the connection.
(A new wrapping wire is used each time the connection is wrapped.)

The clearance in the roll pin ensures that no force is placed on
the electronic module's terminal before and after securing the modules. The
wire-wrap terminal cross-section will be 0.010 x 0.025 inch and the module's
mating terminal will be 0.015 x 0.025 inch. Thus_ the effective split-pin
wire-wrap cross-section will be 0.025 x 0.025 inch. The wrapping wire will
be _30 AWG_solid_ dead soft copper.

To interconnect the wire-wrap terminals of the wiring subassembly_
solid_ insulated wire is routed in a point-to-point fashion. The wire will
be Formvar coated. The wire-wrap roll pin has a tab to which the interwiring
is welded. This process consists of joining the wire to the tab without re-
moving the insulation. (See Figure 37.) The hot-electrode welding technique
will be used. Heat is passed through the welding electrodes to melt away the
insulation where the weld is to be made. The joint is then madeby the capaci-
tive discharge process. Although the hot-wire technique is relatively new_
it is being used on a variety of NASAand military programs_ and is being
qualified for use on the Apollo/LEMprogram. Its main features are light-
weight_ simplicity_ repeatability_ and reliability. It is often used where
a high density of terminals and lightweight are required. A variety of wire
types and sizes can be used with this techniqu% thus matching the electrical
requirements with the minimum_lightest wire gauge.

Wires from other portions of the assembly are routed in the wir-
ing subassembly and are also terminated at the wire-wrap roll pin. These
wires will be stranded and insulated in order to allow bending during main-
tenance. They will be percussive-arc welded to the roll pin terminals as
shown in Figure 37. This technique allows a reliable and simple joint to
be made using stranded wire and a solid terminal. Soldering could also be
performed_ but the roll pin would have to be redesigned to allow a NASAtype
joint (i.e._ turret or bifurcated) and would be different from the other
roll pins. The soldering operation also requires more skill and greater
time to perform.
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POINT TO POINT WIl_.lI_,,l_--_

Figure 37. Wire-Wrap Roll Pin

Special considerations are required for some of the wires in the

wiring subassembly_ and involve the 1000-1500 volt lines from the High Volt-

age Photomultiplier Tube power supply_ the 700 volt Ultraviolet Lamp power

supply_ and some shielded twisted pairs at the channel inputs. Basically 3

the high voltage lines and terminals will be laid out so that they are as

far away as possible from other lines. They will also require high dielec-

tric strength insulation. The shielded twisted pairs will be terminated

at wire-wrap roll pins_ with their shields grounded in the immediate vicinity

of the roll pins. No friction or special connectors need be used for these

applications. Point-to-point wiring_ welding_ wire-wrap and careful layout

will ensure that the electrical requirements are met.

After all of the connections and routing are finished_ the cavity

containing the wiring will be encapsulated with an epoxy compound. The com-

pound will protect the wiring and provide added rigidity to the wiring sub-

assembly.

When removal of an electronic module is required_ the entire elec-

tronic subassembly is removed. Then an electronic module is removed by unwrap-

ping it from the wiring subassembly. The in/out cabling will have a stress-

relieving hoop in it to allow the wiring subassembly to be partially removed

from the assembly. Assuming that the ends of the cables to the other parts of
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the assembly are permanently or semipermanently terminated, the wiring sub-
assembly will not be readily removable from the assembly. Unless drastic
wiring changes are required or undue damageoccurs3 it is felt that the wir-
ing subassembly need not be removedfrom the assembly.

As noted in Figure 363 the size of the wiring subassembly is
3/8 x 2.8 x 4-3/8 inches. The overall weight is 0.123 pound as derived in
the following weight table.

Wire

Wire-Wrap Roll Pin (0.054 gm/pin x 80 pins)
G-10 Epoxy Board (i.01 in 3 x 30.3 gm/in3)

Encapsulant (0.8 in 3 x 22.5 gm/in3)

3.08 gms.

4.32 gms.

30.60 gms.

18.00 gms.

56.00 gms.

Note: Weight of stranded_ in/out hook-up wire has
been omitted in the above calculation.

The in/out cables are secured to the wiring subassembly using

clamps and conformal coating. The width of the subassembly is slightly less

than that of the electronic modules in order to allow them to beplaced within

the envelope of the electronic packages. Holes are located in the G-10 board 3

which allow access to the potentiometers located in the electronic modules.

2.4.3 MICROCIRCUITS

To achieve even greater size and weight reductions 3 a number of

electrical functions could be replaced with microcircuits. An analysis of

the electronic parts count (Table IV) indicates that 31 of these units could

replace 311 standard_ discrete parts. The total volume savings is approxi-

mately 7-1/2 cubic inches with a corresponding 0.34 pound weight saving

(Table V).

A total of five electronic modules would still be required. One

modul% the Photomultiplier Tube power supply and Ultraviolet lamp driver_

would remain the same as before and also be located in the same place. The

remaining four modules would be the same length and width as befor% 2.8 and

1.0 in. 3 respectively_ but the height would be reduced from 2.2 to 1.5 in.

as shown in Figure 38. The manner in which the modules are held in place,

fabricated 3 thermally controlled, and EMI shielded would remain the same.

The functional/modular breakdown is approximately the same as

depicted in the table in this section. The relative quantity and distribu-

tion of the microcircuits does not require a new packaging design. If there

were a large quantity of microcircuits or if they were all concentrated in

one section of the design, it would be worthwhile to package them as a separ-

ate module. However_ in the case of _he Sensor's electronics_ the micro-

circuits are widely dispersed with the discrete parts.
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TABLE V

MODULE WEIGHT CALCULATIONS

(using microcircuits)

.

.

Fo_m. -

Assume 607° of module volume is foam

Volume of 5 modules is 20.98 in 3

Weight of foam = (20.98 x 0.6) 0.0058 ibs./in 3 =

Parts and Wiring:

40% of volume is parts and wiring

Density is 0.I ibs./in 3

Weight = (20.98 x 0.4) 0.I ibs./in 3 =

Header Boards:

Volume = 0.77 in3_ Density = 0.047 ibs./in 3

Weight = 0.525 x 0.i =

"T" Frame Module #5:

Volume = 0.525 in3_ Density = 0.i ibs./in 3

Weight = 0.525 x 0.i =

Shields:

Size = (1.5 + 1.0) (2.8) (0.007) inches

Copper = 0.003 in._ Mylar = 0.002 in thick
ibs.

Weight = (2.5 x 2.8) (0.003 x 0.3---_ + 0.3 ibs.
in

+ 0.004 x 0.05 ib_s_" (4 foils) =
.

in

Miscellaneous

(Pounds)

0.073

0.838

0.053

0.053

0.031

0.029

i

Total Weight _ 1.060
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From a cordwoodmodule standpoint 3 it is possible to house either
the "flat-pack" or the "can" type of microcircuit. Figure 39 showshow this

AL ERN, ',TE 

Figure 39. Alternate Microcircuits/Cordwood Module Packaging

is done. If a choice can be mad% based on packaging_ preference should be

given to the "can" type unit. This is because the type of circuitry in which

they are used 3 low-level analog_ is such that the discrete electronic parts
associated with each microcircuit should be located as close to the micro-

circuits as possible. A digital circuit_ for exampl% does not normally re-

quire that discrete parts be located close to the microcircuit.

The "can" configuration allows "stacking" of parts back-to-back

and their direct integration within the cordwood module. The peripheral
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resistors and capacitors are located next to each part. The "flat-pack"

parts would have to be packaged in a localized area within the module if

a high degree of packaging efficiency is to be maintained. Otherwis%

scattering them throughout the module requires more wiring and clearance
volume.

2.4.4 ENVIRONMENTAL CONS IDERATIONS

Design of the electronics subassembly of the Two-Gas Atmosphere

Sensor has been influenced largely by the environments in which it must

operat% and to a somewhat lesser degree by the environments in which it

must be stored or transported. These environments dictate a lightweight_

stiff package with well defined paths for removal of heat.

2.4.4.1 THERMAL DESIGN

Design of the electronics subassembly must provide for proper

operation of all circuits when the subassembly is exposed to ambient tem-

peratures or 40 ° to 900F. The maximum temperature of any piece part was

selected conservatively to be 160°F. Thus_ a temperature differential of

70°F exists between the most remote part and the structure to which the

electronics subassembly is mounted.

The circuit is so divided into modules that the highly dissipa-

tive parts are all in one modul% while a rather uniform distribution of low

dissipation parts occurs in the others. Thus_ two distinct thermal designs

may be employed_ while adhering to the same general principles.

The basic principles employed in both designs are: (I) conduction

as the mode of heat transfer; (2) a thermal path as direct and short as possi-

ble; (3) materials selected for adequate thermal conductivity values; (4) a

minimum of thermal interfaces; (5) good contact at thermal interfaces.

Module No. 5

The one module containing highly dissipative parts requires par-

ticularly careful design_ with strict adherence to the principles outlined in

the preceding paragraph. Referring to Figure 34_ it can be seen that larg%

dissipative parts are mounted directly to metal structur% which consists of

a "T" shaped frame fastened directly to the heat sinking surface_ Module

parts having low dissipations are placed in submodules_ which are bonded to

the metal frame. Aluminum is selected because of its high thermal conductivity/

weight ratio. Parts which are stud-mounted are insulated electrically from

the aluminum by a high thermal conductivity beryllium oxide washer and thermal

joint compound. This mounting method can reduce thermal resistance at inter-

faces to l°F/watt/in 2. Parts which are dissipativej but not stud-mounted 3

such as large resistors_ are bonded to the aluminum by a high thermal con-

ductivity adhesive.
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A typical thermal calculation for a stud-mounted part is as
follows: See Figure 40 for the thermal path:

_ TH£RMAL PATH

./_ _ _ STUD MOUNT£O HI&lILY

\ /-,,,t_ . . . / I ">, MYLAR ,,/ENCAPSULANT

k,,_="

MODULE NO I-#

Figure 40. Typical Thermal Paths

Assume: I.

.

,

.

5.

Part dissipates 1.50 watts_ an_ has
thermal contact over a 0.40 in area.

Conductivity of aluminum is I00 BTU/

ft2 hr/°F/ft_ and thickness is 0.060 in.

Resistance at thermal interfaces A-B and

E-F is l°F/w/in 2.

Width of path from B to D is 0.80 in.

Contact area at interfaces E-F is 0.080 in 2.
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(l°F/w/in2) (l.50w)

AtA_ B = = 3.75°F
(0.40 in 2)

<41 BTU/hr in )x (l.50w) (0.75 in)w

(loo =
OF/ft (0.80 in) (0.060 in)

Atc_ D 441_ 41.50/2) 41.25 in)= (i00) (0.80 in) (0.060 in) = 8"O°F

&_-E 441_ 41.50/2_ 40.030 in)= (i00) (0.080 in z) = 0"l°F

(l°Flwlin2) 41.5012) = 9.4°F

_tE'F = (0.08 in 2)

A t = _tA_ F = 30.9°F

Since the temperature at F is assumed equal to ambient, or 90°F_

the temperature at the surface of the part is 90°F + 30.9°F = 120.9°F_ which

is well within the allowable limit for proper circuit operation. Detailed

design calculations will consider reducing the metal thickness (to reduce

weight) so that the part temperature more closely approaches the allowable

maximum.

Modules No. 1-4

The modules containing low dissipating parts_ uniformly distrib-

uted throughout_ are designed to transfer their heat through the foam and EMI

shield to the mounting surfaces as illustrated in Figure 32. These parts do

not require individual consideration in thermal design_ except that some p_rts

will tend to dissipate somewhat more than others_ and these will be located ......

to obtain short thermal paths. Parts which dissipate considerably more power

can be foil-wrapped_ with the foil carried to the thermal interface to estab-

lish a more conductive path than the encapsulant provides.

A typical calculation for uniformly distributed power dissipation

is as follows: See Figure 40 for the thermal path and Figure 35 for dimen-
sions:

As sume: I. Module _i dissipates 300 mw_ and this

wattage is uniformly distributed.
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.

.

6.

Conductivity of foam encapsulant is

0.020 BTU/ft2hr

°F/ft

Conductivity of Mylar is 0.086 BTU/

ft2hr/°F/ft

Conductivity of copper is 225 BTU/

ft2hr/°F/ft

Thermal interface resistance is i°F/w/in 2

EMI shield is bonded to foam 3 so that no

appreciable thermal interface exists at

this point and Mylar is bonded to copper

with no appreciable thermal interface.

<41) <0.300w) 40.45 in)
_tA-B = (0.020) (2.0 in) (2.8 in)

= 49.5°F

441) 40.300w) 40.002 in)
_-C = (0.086) (2.0 in) (2.8 in)

= 0.1°F

441) <0.300w) 41.45 in)
_tC-D = (225) (2.8 in) (0.003 in) = 9"4°F

441) 40.300w) (0.002 in) = 0.1OF
_tD-E = (0.086) (0.90 in) (2.8 in)

41°Flwlin 2) 40.300w) = 0.1°F
AtE-F = (0.90 in) (2.8 in)

_ t = AtA_ F = 59.20F

The temperature of the structure at F is assumed to equal ambi-

ent_ or 900F. Thus the temperature of the piece part is 90°F + 59.2°F =

149.20F_ which is within the assumed allowable limits for proper circuit

operation. This analysis neglects the effects upon gross thermal conductiv-

ity of the individual conductivities of the parts and wiring. In a foam-

encapsulated modul% the parts and their leads play a large role in heat

transfer by providing paths of good conductivity in parallel with the foam.

It is reasonable to assum% then_ that the actual part temperature is con-

siderably less than 149.2°F3 although proof of this fact will be made in the

detailed design.
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2.4.4.2 STRUCTURAL DESIGN

The electronics subassembly will be exposed to shock and acceler-

ation loads which are not considered to be severe_ but which must be con-

sidered in the design. Figure 32 illustrates the manner in which the modules

are mounted to the structure. There are two distinct designs employed which

will be discussed individually.

Module No. 5

This module_ which contains larg% highly dissipative parts_ is

mounted to the structure independently of the other modules_ primarily for

thermal reasons. The module itself is "built up" on a "T" shaped aluminum

frame to provide a stiff structur% as well as a highly conductive one. It

is held to the mounting structure by screws through the ends of the "T" shaped

frame. At the time of detailed design, the optimum number and size of screws

will be determined_ based upon considerations of shock and acceleration loads_

weight_ and heat transfer requirements.

Modules No. 1-4

These modules are fully encapsulated in lightweight foam and must

be held firmly in place by external clamping. The lightest possible clamping

device is the wiring board_ since the use of this portion of the electronics

subassembly eliminates the need for other devices designed solely for clamp-

ing. The principle of using material for more than one function is thus up-

held_ resulting in the lightest possible weight.

The major consideration in clamping modules in this manner is the

range of temperatures to which the subassembly is exposed. At low tempera-

tures_ materials contract_ tending to loosen the modules_ allowing them to

rattle under vibration. At high temperatures_ the materials expand_ causing

large forces to be imposed upon the materials.

Calculations indicating the adequacy of this design are as follows:

. Assume a preloading of the bolts at room temperature

sufficient to cause I0 ib/in 2 of pressure to remain

on the modules at -65°F.

2. Assume the wiring module to be sufficiently stiff so

that its deflection may be neglected.

. Assume no relative movement of the wiring module/

bolting boss interface_ i.e._ no separation of this

interface during thermal expansion.

. Coefficients of thermal expansion are:

a. Foam: 22.2 x 10 -6 in/in/°F (dr)
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b. Aluminum: 13.0 x 10-6 in/in/°F (dAl)

Assume that the lengths of the foam and aluminum

are equal• (_ = 2.0 in).

6. The temperature excursion is -65°F to 200°F or 265°F.

7. Modulus of elasticity of foam (Ef) is Ii_000 Ib/in 2.

Deflection of foam Af = Deflection due to temp. (Stf) - Deflection

due to load (6pf)

Deflection of Aluminum AAI = Deflection due to temp. (6tAl) + Deflec-

tion due to load (6PAl)

Af = AAI

6pf = 6pA I

• °

-6

6tf t AI (_f "_AI) _At

6pf = 2 = 2

(22•2- 13.0) (10 -6 ) (2•0) (265)

2

= 2.5 x 10 -3 in.

6tf
= _f _At

= (22.2) (10 -6) (2•0) (265)

= Ii.8 x 10 -3

Af = 8tp - 6pf

= (n.8- 2.5) (10 -3 )

-3
= 9.3 x i0
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Stress in foam (Sf)
(Af) (E)

(9.3) (lO-3) (11.oooI
2.0

51.3 ib/in 2

Initial pressure = i0 ib/in 2

Total Stress in foam = 51.3 + i0.0 = 61.3 ib/in 2

Foam of I0 ib/ft 3 density has a compressive strength of

about 300 ib/in 2. In view of this fact_ a greater pre-

load may be placed on the bolts. This may become desira-

ble when the overall vibration, shock, and acceleration
loads are taken into account.

Wiring Board

The wiring board is used as previously stated, as a clamping bar

to apply pressure to the modules. Figure 36 illustrates the construction of

this board. It must be designed to withstand the forces imparted to it dur-

ing thermal expansion.

The following calculations indicate the adequacy of the design in

this respect.

I. Consider for simplification, only the raised edges
of the board.

2. Treat these edges as two beams fixed at both ends

with a uniformly distributed load.

Load on one beam (W)

Maximum moment (m)

= Pressure on modules x Module Area/2

= 461.3 ib/in 2) 43 in) 44 in)
2

= 368 ibs

W_

- 12

(368 ib) 44 in)
12

= 123 in ibs
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Momentof inertia
of beam(i)

Stress in beam
due to bending

bh 3

12

(0.2 in) (0.2 in)
12

= 1.33 x 10 -4

Mc

I

(123 in ibs) (0.I in)

(1.33 x 10 -4 in4)

= 9750 Ib/in 2

The material used, an epoxy-glass, has a flexural strength of

40,000 ib/in 2. Thus, the design is adequate, since the assumptions made were

conservative. The detail design of this part requires a compromise between

weight andstrength to achieve an optimum configuration.

2.4.5 SPECIFICATIONS

The following specifications and standards are recommended for

the electronic packaging portion of this program:

NPC-200-4 quality Requirements for Hand Soldering
of Electrical Connections

This publication should be used as a guide for hand soldering

standards, with emphasis on methods and required training.

MSFC-STD-271 Standard for Fabrication of Welded

Electronic Modules

This standard should be imposed; however, it does not provide

the strict controls required for welding reliability. The contractor should

furnish specifications covering the following subjects:

Welding Equipment

Production Welding Monitoring

Welding Process

Weld Schedule Process

Weld Schedule Certification
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In each case, these documentsshould be superior to the criteria
presented in MSFC-STD-271and represent proven techniques.

MSFC-SPEC-202 Compound, Potting and Molding,

Elastomeric, Specification for

This specification should be used by the contractor as a guide

for preparation of a process procedure and material specification for the

material(s) to be used in the program.

MSFC-PROC-412 Procedure for Encapsulating
Electronic Modules

This procedure should be reflected in the contractor furnished

process and material procedures. The training requirements_ methods, facili-

ties_ and equipment requirements should be satisfied.

NDI002002 (Apollo Guidance & Navigation Specification)

Encapsulatin_ With Polyurethane Foam

This process procedure should be used by the contractor as a

guide in preparation of process procedures concerning foaming.

NPC-200-3 (NASA_uality Publication) Inspection

System Provisions for Suppliers of Space Materials,

Parts, Components and Services

The contractor should comply with this document in its entirety.

NPC-200-2 (NASA quality Publication) quality

Program Provisions

Section 7 - should be adhered to by the contractor for all testing

activities.

Section 13 - training of contractor personnel should be mandatory

and satisfy NASA requirements for:

Soldering

• Welding

Encapsulating.

In addition to the contractor furnished specifications, there are

a number of subjects for which no satisfactory NASA-MIL specification can be

found. These subjects should be covered by contractor furnished specifica-

tions_ specifically concerning:
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Sp lit-Pin Wire-Wrapping

A specification should be provided covering the design criteria_

materials_ tool control_ process control_ inspection_ and test requirements

for the split-pin wire-wrapping process. Emphasis should be given to con-

trol_ since this process can be stringently controlled to result in high

reliability connections.

Buffer Coating

A process and material specification should be prepared for

elastomeric buffer coating of modules and parts. Preparation and handling

of the modules during the process should be described in detail.

Workmanship

Workmanship standards reflecting the design criteria should be

furnished. All aspects of the design should be covered with one or more

standards describing the following:

Welding

Wire-Wrapping

Encapsulating and Foaming

Any critical Physical Aspects of the Design.

Repair/Rework

The contractor should furnish an allowable Rework/Repair specifi-

cation. The use of this specification should be the responsibility of Quality

Control. The scope of use_ discrepant material conditionsj limitations_ re-

pair methods and repairs 3 and data recording procedures for discrepant material

control should be detailed.



2.5 DESIGN STUDIES

2.5. i LINEAR INTEGRATED CIRCUIT STUDY

During Phase I of the Two-Gas Atmosphere Sensor Program the

feasibility of employing a linear integrated circuits approach to the elec-

tronics portion of the proposed system has been under investigation by
Perkin-Elmer.

It has been ascertained that several manufacturers produce linear

integrated circuits_ which are presently available and which appear to ful-

fill our circuit requirements (Paragraph 2.5.1.1). Since the present "state"

of the art" of linear integrated circuits is in its infancy, definite precau-

tions must be taken before this technique can be recommended as a design ap-

proach. The following factors will have a marked effect on circuit perform-

ance and reliability:

Close surveillance of manufacturing processes.

Initial design compensation for drift due to aging.

It is important that these factors be considered thoroughly and

used as a criterion in selecting a particular integrated circuit vendor or

vendors. It is also essential that any linear integrated circuit, proposed

by Perkin-Elmer for incorporation on the Two-Gas Atmosphere Sensor Program

be set forth in a detailed purchase specification. Exclusion of any of the

aforementioned factors would lead to a recommendation that preference be

given to a transistorized circuit design, utilizing MIL- approved transistors.

Circuit performance and reliability are not the only factors af-

fecting the choice of an approach. Other tradeoffs must include such factors

as cost, size, weight_ and power dissipation in order that the best overall

design can be achieved. Specific areas investigated during the linear inte-

grated circuit study are discussed in detail in the following paragraphs.

2.5.1.1 MONOLITHIC LINEAR CIRCUITS

The below-listed circuits were evaluated for possible incorpora-

tion into the Two-Gas Atmosphere Sensor System.

a)

b)

c)

Fairchild _A 709, price $75.00 for quantity 1-24_

delivery 16 to 20 weeks.

Fairchild _A 702A, price $50.00 for quantity 1-24_

delivery 16 to 20 weeks.

Texas Instruments SN 524A, price $29.25 for quantity

1-24_ delivery 14 to 16 weeks. SN 526A, price $57.00

for quantity 1-24, delivery 14 to 16 weeks.
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d) Motorola MC 1530, price $27.00 for quantity 1-24_

delivery 14 to 16 weeks_ MC 1531_ price $30.00 for

quantity 1-24_ delivery 14 to 16 weeks.

Of these devices_ only the Fairchild _A 709_ and _A 702A have

been tested and approved on any Military or Space Program. Grumman Aircraft

is presently using these devices on the LEMvehicle_ and their approval for

the gA 702 is based on an IDEP report 515.50.02.0F8-01_ a compilation of

data from a test performed by RCA. The _A 709 was approved by Grumman based

on its similarity to the _A 702. Grumman found it necessary to follow this

procedure since the _A 709 is a new device and there is no test data avail-

able. Based on above information_ and assuming proper use of these devices_

the _A 702 and the _A 709 can be recommended for use on this program.

2.5.1.2 HYBRID CIRCUIT SOURCES

The following processes for manufacturing hybrid linear inte-

grated circuits were considered during the Phase I effort.

a) Thick Film Process, National Semiconductor_

Danbury_ Connecticut.

b) Thin Film Process_ Electra Manufacturing Co._

Independence_ Kansas; Halex_ Inc._ E1 Segundo_
California.

c) Semiconductor Chip Process, General Instruments_

Plainview_ New York.

A comparison of component ranges and ratings available for each

of these processes is presented in Table VI and existing reliability test
data is shown in Table VII.

2.5.1.3 FAILURE MODES OF INTEGRATED CIRCUITS

a) Hybrid Circuits.

The predominant mode of failure_ exhibited by thin

and thick film hybrid circuits_ is breakage of the

mechanical interconnections between chips. This

mode of failure can be minimized by the following

techniques:
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(I) Using gold wire of sufficient thickness to

eliminate wire breakage.

(2) Double bonding of all gold bonds.

(3) Subjecting all circuits to a vibration screen-

ing test.
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b) Monolithic Circuits.

The predominant failure modes for monolithic circuits

are varied and are attributable to poor processing

techniques. Variables inherent in the processing of

monolithic circuits can generate reliability problems.

Some of the most prevalent modes of failure are the

following:

(I) Poor bonding techniques and control.

(a) Lead wires touching either substrate

edge on the package lid.

(b) Formation of aluminum-gold alloy (purple-

plague)_ creating an open circuit between
contacts.

(c) Lifting of bonds.

(2) Poor photochemistry.

(a) Missing oxide.

(b) Random aluminum strips.

(3) Misalignment of mask caused by high resist-

ance contact.

(4) Imperfections in bulk material or oxide.

(a) Imperfections in silicon crystal result-

ing in the formation of epitaxial spikes_

creating non-uniform junctions during

diffusion.

(b) Voids or holes in the oxide layer expos-

ing the silicon.

(c) Impurities in the oxide creating conduc-
tive channels.

2.5.1.4 DRIFT PROBLEMS

Another problem area common to all integrated circuits is elec-

trical parameter drifts with age and temperature. Although the exact magni-

tude of these drifts is not known at this time_ precaution must be taken in

the initial design to allow for some drift of electrical parameters.
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2.5. i •5 PROCESSES USED TO FABRICATE MONOLITHIC STRUCTURES

There are three basic processes by which a monolithic circuit is

presently constructed:

a) Double-Collector process.

b) Triple-Diffused process.

c) Epitaxial-Diffused process.

All of the above result in four-layer monolithic structures.

The primary differences are in the steps by which they are processed and the

resulting circuit characteristics. The emitter and base impurity distribu-

tions for all three processes are essentially alike. Structural and electrical

characteristic differences show up in the collector and substrate regions.

Upon examination of the advantages and disadvantages-listed below s

it is evident that the Epitaxial-Diffused process is the best of the monolithic

circuit processes.

Double-Collector Process

The major drawback in the Diffused-Collector structure is the de-

crease in the number of impurities in the collector as the collector-substrate

junction is approached s thus producing a negative impurity gradient. This

effect is the exact opposite of that which is desired. Collector-to-base

capacitance is determined primarily by the doping level in the collector im-

mediately adjacent to the collector-base junction. Although the collector-

base junction will gradually change from P-type (base) to N-type (collector)_

the collector doping is near a maximum at the collector-base junction s making

this capacitance value a maximum. The collector-base breakdown voltage is

also reduced by the comparatively high surface concentrations on either side

of the junction s as compared to that attained in the other two processes.

Since the base is diffused into the collector region having the

greatest conductivity_ the series collector resistance cannot be optimized.

Since this process grades the collector background_ the base region_ which

must have a carefully controlled gradient_ is diffused into a background con-

centration that varies with distance from the surface of the wafer. This is

not a favorable situation and presents problems in controlling the surface

concentration of the base region.

Triple-Diffused Process

The Triple-Diffused structure has the advantage of a uniformly

doped collector region_ thus eliminating a compromise between breakdown volt-

age and capacitance at the collector-base junction of the diffused-collector
structure.
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The doping level of the collector can be chosen to minimize the
collector-to-base capacitance and maximize the collector-to-base breakdown
voltage. The only restriction is that of maintaining low collector sheet
resistance in order to obtain low VCE(SAT)"

However_the Triple-Diffused structure does have two inherent
limitations. Since the substrate is diffused_ the collector region is the
most lightly doped side of the collector-substrate junction. Therefore_ the
collector-to-substrate capacitance will be determined by the doping level in
the collector. Since permissible collector sheet resistance will impose a
minimumcollector doping level_ collector-to-substrate capacitance can never
be fully eliminated.

The P-type diffusion_ performed for purposes of isolation_ must
diffuse through half the thickness of the wafer. Therefore_ the thickness of
the wafer must be limited in order to maintain a reasonable diffusion time
cycle. Since the diffusion of these impurities_ either N-type or P-type_ is
isotropic in nature_ the diffused layer will diffuse under a masking oxide to
approximately the samedistance as the depth of diffusion. This under-diffu-
sion will reduce the usable area of each isolation region. The greater the
thickness of a wafer_ the larger the inactive area of each isolation region.

Epitaxial-Diffused Process

The Epitaxial-Diffused process has all of the advantages of the

Triple-Diffused structure and none of its limitations. There are no wafer

thickness limitations upon the Epitaxial-Diffused system. The thickness of

the N-type collector-epitaxial region is independent of the thickness of the

P-type substrate. Since the parent material is the P-type substrate_ its

doping level may be so chosen that the collector-to-substrate capacitance is

independent of the doping level of the collector region. Thus_ this para-

sitic capacitance may be minimized without influencing other device parameters.

2.5.1.6 PARASITIC CAPACITANCE AND COLLECTOR SERIES RESISTANCE

PROBLEMS IN MONOLITHIC INTEGRATED CIRCUITS

The means used to interconnect paths between circuit elements in

monolithic integrated circuits are thin strips of aluminum deposited on the

top of the die. This method requires the collector contact of the transistor

to be at the top of the silicon di% rather than at the bottom as with dis-

crete transistors. When the collector is brought to the top of the die_ the

length of the signal path through the collector increases. The result is an

increased collector series resistance. The increased collector series resist-

ance increases the saturation voltage_ thereby limiting the maximum operating

current level.

Another characteristic unique to monolithic circuits is parasitic

capacitance between the collector and the surrounding P-type material sub-

strate. This capacitance and the increased collector resistance increase the

collector time constant. The increase in the time constant results in an
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increase of noise and a reduction of gain at higher frequencies. This in-
creased time delay at high frequencies also makes it difficult to design
stable RC feedback loops.

There is no presently knownmethod for reducing the effect of in-
creased collector resistance generated in monolithic circuits. However, a
method has been developed to minimize the parasitic capacitance and to pro-
vide isolation. An N+ layer is grown beneath the N-collector of the transis-
tor. This technique provides the maximumreverse potential for the substrate
collector diode and thus increases isolation while reducing the parasitic
capacitance.

2.5.1.7 SUMMARY OF ELECTRICAL CHARACTERISTICS OF

MONOLITHIC SEMICONDUCTORS

Transistors

Properties of the monolithic transistor are presented in Table

VIII_ along with typical values for both the non-gold-doped process and the

gold-doped process. A comparison of the values for each characteristic re-

veals how significantly the resistivity of the epitaxial collector influences

breakdown voltages_ capacitances, series resistance_ and frequency response.

The non-gold-doped process with the 0.5-ohm-cm collector is very

similar to the 2N918 passivated epitaxial transistor, which is its closest

discrete counterpart. The fT of the 2N918_ is about twice as high as that

of the monolithic transistor_ because the 2N918 has less parasitic capaci-

tance and collector series resistance than the corresponding monolithic

transistor.

The maximum frequency (fmax) is defined as that frequency at which

the matched grounded-emitter power gain is equal to unity. The fmax of the

2N918 is considerably higher than that of the monolithic transistor because

the discrete transistor has a higher fT" Since power gain decreases approxi-

mately as the square of frequency_ the monolithic transistor will have a lower

power gain than the discrete transistor.

The gold-doped switching transistor described in Table VIII closely

resembles the 2N709_ passivated epitaxial discrete transistor. These devices

are gold-doped to reduce the amount of stored charge when switched into satura-

tion. The storage time constant is roughly I0 nsec. The fT for the monolithic

transistor is about 500 MC_ compared to about 800 MC for the 2N709. VCE(SAT )
for the monolithic transistor is greater than for the 2N709 (0.26 volt compared

to 0.18 volt). The substrate capacitance is quite detrimental to switching

speed of logic circuits since CTS must be charged through the load resistor RL.

Monolithic transistors find application in analog-circuits such

as differential amplifiers. For the differential amplifier circuit, the match-

ing and tracking characteristics of _ and VBE are important design considera-
tions. Since both these characteristics are a function of sheet resistance
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TABLEVIII

PROPERTIESOFMONOLITHICTRANSISTORS

Transistor
Characteristic

BVcBo.

BVEBo.

BVcEO

BVcs.

CTE(forward bias)

CTEat 0.5 volt

CTCat 5 volts

CTSat 5 volts

at i0 mA*

at 0.i mA*

I rsc

VCE(SAT) at 5 mA

VBE at 10 mA*

fT at 5 volts_ 5 mA

f
max

Non-Gold-Doped

0.5-ohm-cm Collector
Gold-Doped

0.1-ohm-cm Collector

55 volts

7 volts

23 volts

75 volts

6 pf

1.5 pf

0.7 pf

2.9 pf

50

3O

75 ohms

0.5 volt

0.85 volt

440 Mc

i.i gc

25 volts

5 volts

14 volts

25 volts

i0 pf

2.5 pf

1.5 pf

4.6 pf

5O

I0

15 ohms

0.26 volt

0.85 volt

520 Mc

*Typical values.
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and/or surface effects_ excellent matching characteristics are obtained for
a pair of transistors fabricated simultaneously within the samemonolithic
chip of silicon. The VBEratio can be maintained within ±7.5%for 90%of
the units while the _ at a high current can be maintained within ii0% for
75%of the units and within 20%for 80%of the units at lower currents. The
VBEdrift has been found to be i0 _v/deg C over a temperature range from -50
to +120°C.

Diodes

The five types of diodes available in monolithic circuits are

summarized in Table IX.

TABLE IX

SUMMARY OF TYPICAL VALUES FOR VARIOUS DIODE CONNECTIONS

Characteristic

Breakdown voltage_ volts

Storage time_ nsec

Forward voltage_ volts

p-n-p

CD_Pf(5 volts reverse bias)

Cp_pf(Substrate at 5 volts
negative with respect to

collector)

(a)

VCB=O

7

9

O. 85

0

0.5

2.9

(b)

VCE=0

7

i00

0.92

3

1.2

2.9

(c)

VEB=0

55

53

0.94

2

0.7

2.9

(d) (e)

IC=0 Ig= 0

7 55

56 85

0.96 0.95

3 3

0.5 0.7

1.2 2.9

Diode (a), in which the collector-base junction is shorted_ is

the most useful configuration from the standpoint of the requirements for

high-speed diodes to be used in digital integrated circuits. This diode ex-

hibits lowest forward voltage drop and no P-N-P action to the substrate.

Furthermore_ the storage time is quite low_ since charge is stored only in

the base. The storage time for this diode configuration is reduced consider-

ably when the structure is gold-doped.

The configuration given by diode (d) in which the collector is

floating_ is also useful for switching circuits. Because of the additional

stored charge in the floating collector_ this configuration could be used as
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a storage diode to be placed in series with the base of the transistor in DTL
integrated circuitry. The stored charge feature can be used for obtaining a
high-speed turn-off transistor as it comesout of saturation. The fact that
this particular structure has the highest forward voltage drop and the small-
est parasitic capacitance available_ makes it useful from the standpoint of
noise immunity in DTLcircuits. Diode (b) also exhibits comparable character-
istics and can be used in similar applications.

The collector-base configurations of diodes (c) and (e) have the
highest reverse voltage ratings. However, both of these devices have rela-
tively high P-N-P betas which limit their use to general purpose diodes.

2.5.1.8 OUTLINE OF TENTATIVE LINEAR INTEGRATED CIRCUIT

PROCUREMENT SPECIFICATION

a)

b)

c)

d)

e)

f)

g)

All process steps will be monitored. Inspection

and verification of critical processes will be

required.

Environmental tests will be performed on completed

integrated circuits. The tests will include, but

not be limited to, package seal, high temperature

bake, temperature cycle_ centrifuge, vibration_

helium, and gross leak tests.

The integrated circuits will be electrically tested

for compliance with Perkin-Elmer's functional elec-

trical requirements.

The devices will be serialized and subjected to

radiographic inspection.

Each integrated circuit will be burned-in for 200

hours.

The devices will be retested as in step (c).

Integrated circuits that successfully pass steps

(a) through (f) will be shipped to PECO in special

containers to prevent damage during transit.

2.5.2 USE OF DIP BRAZING FOR FABRICATION OF THE

TWO-GAS ATMOSPHERE SENSOR HOUSING

An investigation of the use of dip brazing for this application

was brought about by two major factors. First, a high rejection rate has

been encountered with the housing for the CO 2 measurement system which is an

investment casting. Secondly, the use of dip brazing has solved some recent

difficult fabrication problems for several parts used on military Reconnais-

sance Cameras by Perkin-Elmer.
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2.5•2. i DISADVANTAGES OF INVESTMENT CASTING

Of all the co_on casting processes_ investment casting has pro-

vided the optimum combination of desirable properties for aerospace applica-

tions with respect to: strength_ thinness of sections_ structural integrity_

choice of alloy_ tooling costs_ and lead time.

However_ although this process is an effective method for fabri-

cating relatively small quantities of parts_ the state-of-the-art is not suf-

ficiently advanced to eliminate problems associated with tooling and mold

gating which invariably occur with complex parts.

2.5.2.2 DIP-BRAZING CHARACTERISTICS

The use of dip brazing eliminates all soundness and integrity

problems in the bulk of a fabricated part. Such conditions as gas holes_

shrinkage porosity_ cold shuts_ etc._ are not possible since wrought material

is used. Porosity in the brazing metal is a possible problem as is lack of

wetting_ however_ these are readily controlled by knowledgeable suppliers.

Brazing alloys used in dip brazing may be in the form of paste_

preformed wire_ or as a cladding on the basic aluminum alloy being used to

fabricate the part (if sheet or plate are used). These alloys are generally

high silicon alloys (4343 is typical) somewhat similar to commonly used cast-

ing alloys (such as 356). The relatively poor mechanical properties of this

class of alloys are confined to the joint with dip brazing while with a cast-

ing the entire part displays these properties.

High strength alloys such as 6061 and 7005 can be used as the

base metal in dip brazing. These alloys show mechanical properties superior

in all respects to the best aluminum investment casting alloys. These in-

clude higher ultimate_ yield_ and fatigue strengths as well as better ductil-
I ity. Wrought high-strength alloys are als0 inherently more corrosion resist-

ant than high-silicon casting alloys and respond better to anodizing and chrom-

ating processes. Distortion problems_ common to both casting and dip brazing

are more easily corrected with dip brazing_ since the alloys used have superior

ductility and may be more safely straightened.

Since the salt bath temperature for dip brazing is comparable to

the solution annealing temperature_ dip-brazed assemblies may be obtained in

the T4 condition immediately after brazing by suitable quenching.

The only problem characteristic of the dip-brazing process that

essentially does not exist in casting_ is that of flux or salt entrapment.

Knowledgeable suppliers are equipped to minimize or eliminate this problem.

In any case_ it is a readily inspectable condition with suitable chemical and

radiographic methods available.

In su_nary it appears that dip brazing for fabricating aluminum

alloy assemblies should find increasing application in aerospace components.
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A

By clever use of tabs, interlocks_ and other self-fixturing techniques, tool-

ing and fixturing costs for this process are generally minimal, if not zero.

r The process should have direct application to the two-gas atmos-

phere sensor housing with the gas tightness requirement presenting no unusual

problems. The result will be a stronger, more fatigue resistant and more

corrosion resistant assembly than can be obtained through investment casting.

2.5.3 CHOPPER METHODS FOR TWO-GAS ATMOSPHERE SENSOR

The basic requirement for the optical chopper is to provide me-

chanical motion to a precision slit or filter mechanism which allows the

interruption of an optical image which is fixed in space. This motion is

necessary in order to convert the optical image to an electrical signal,

which can be operated on by the electronic system. The requirements for this

chopping apply to both the ultraviolet and the infrared systems.

The chopper must perform in a manner that maintains the chopping

geometry to close physical tolerances, while being operated in a system sub-

ject to typical environmental stresses. The miniature nature of the optical

systems allows relatively small chopper motions, which eliminates the neces-

sity of having the conventional large geometry chopping motor. The ideal

mechanism would be one exhibiting small size, high accuracy, and low power

consumption. An exhaustive vendor search has resulted in the selection of

two applicable methods: the tuning fork chopper and the torsional chopper.

2.5.3.1 MOTOR DRIVEN CHOPPER

The following design parameters were used as design guides for

evaluating the performance of a rotating component (motor) method of driving

an optical chopper.

a)

b)

c)

d)

Speed - any discrete value between 3,000 and

i0,000 rpm ± 0.5% at a nominal 28 VDC.

Torque - no value specified. However, must be

adequate to spin optical filter assembly.

Life - 3000 hours minimum.

Power consumption - 1.0 watt maximum; design

goal 0.27 watt.

e) Weight - approximately 0.2 pound.

DC Motor - The possibility of utilizing DC motors was investigated

using information provided by Globe Industries, Dayton_ Ohio. Speed regulation

presented one problem in permanent-magnet DC motors since it varies directly

with line voltage. Use of a governor_ which would alone dissipate approximately
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1/2 watt_ would provide a speed regulation of only ±1%and after 300 hours the
tolerance on speed regulation increases_ from wear in the governor. Also_
since the brush life would probably not exceed I000 hours_ it was decided that
DCmotors were not suitable as meansof chopping on this program.

AC Synchronous Motor - The use of an AC synchronous motor was

next considered. This would require utilization of a solid state inverter.

Representative of responses elicited from several motor manufacturers was the

following from Gaylord Rives Company of Pasadena_ California_ who have sup-

plied motors for other space applications:

a) Motor - i" x I"_ power input i watt_ price $300.

b) Inverter - 2 cubic inches_ special design_ 0.2

watt power consumption_ price $500.

The most suitable motor found to date is a 400 cps synchronous

motor from A.W. Haydon Company_ Waterbury_ Connecticut. Their type #19101

motor operates at 3000 rpm_ II5V rms_ 400 cps_ 0.63 VA (0.5 watt). The size

of this motor_ excluding shaft_ is 3/8" diameter by 0.313" long. The vendor

states that it is feasible to rewind the #19101 motor for 26V rms at 400 cps

and thereby simplify the inverter. A. W. Haydon has_ however_ stated that

they do not wish to provide such an inverter.

Disadvantages of the #19101AC synchronous motor are as follows:

a) The output shaft is only 0.2047 inch in diameter_

which makes it difficult to mount an optical fil-

ter on the shaft.

b) Since the rotor does not run on precision bearings_

supplementary gearing to a precision mounted shaft_

carrying the optical filter_ would be required.

c) It is questionable whether the motor torque (0.0004

oz.-in, starting and 0.0002 oz.-in, running) is ade-

quate to properly drive the chopper.

As a result of the above-cited studies_ it was concluded that for the design

parameters given_ there is no solution using a motor-driven chopper.

2.5.3.2 TUNING FORK CHOPPER

A tuning fork chopper (Figure 41) appears to be a feasible method

of chopping and is presently being considered. Advantages and disadvantages

of this method are as follows:
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Figure 41. Tuning Fork Optical Chopper Improved Design

(Drawing twice actual size)

Advantages:

a) Lowest power consumption of any method considered.

b) Perkin-Elmer has previous experience on this method

of chopping on the Apollo Carbon Dioxide Sensor.

c) Frictional losses are low.

d) Weight is relatively low.

e) Frequency stability is high.

Disadvantages:

a) Requires sophisticated electronics in the drive

and pick-off circuits. This leads to an increase

in size and failure rate of the entire assembly.

b) Cannot sample in discrete steps.

c) Cannot chop below 600 cps without undesirable side

effects.

d) Relatively difficult to mechanically set up and

align.
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2 •5.3.3 TORSIONAL CHOPPER

Another feasible method of chopping is to employ a torsional chop-

per with flexural pivots (Figure 42). Advantages and disadvantages of this
method are as follows:

Figure 42. Torsional Chopper

Advantages:

a) Can sample in discrete steps.

b) Unlimited life is possible if properly applied.
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c) Low power dissipation.

d) Less electronics required than the tuning
fork method.

Disadvantages: Less familiarity with this method

of chopping than with previously mentioned methods.

To get a life rating for a particular flexural pivot assembly s

deflection angle and loading must be known. Life curves (Figure 43) from

the Bendix Corporation indicate that unlimited life is achievable under the

following simultaneous conditions: (See shaded areas on life curves.)

a) Maximum angle of deflection is 40% or less of

the rated flexural pivot deflection angle s

(±6 ° for this application).

b) Loading is less than approximately 5% of rated

loading.

Bendix Corporation has test data on a flexural pivot assembly

that has been operating for more than Is700sO00s000 cycles without failure.

The Two-Gas Atmosphere Sensor Phase I requirements dictate the use of a de-

vice having an operating life of four months. If a torsional chopper were

employed_ it would very likely be designed to operate at 25 cps_ which is

approximately 270,000_000 cycles in four months. Hence_ a torsional chopper

should easily meet the NASA/LRC operating life requirement and is in fact

capable of unlimited life.

Tiros Scanner

The scanner utilized in the Tiros Radiometer s NASA contract NAS

5-3894_ is a flexure bearing_ limited rotational motor as shown in Figure 44.

Specifications for the scanner are given in the following table.

SCANNER USED ON TIROS RADIOMETER

(i) Excitation: 25 cps square wave

(2) Excursion: 0 to 6.6 degrees_ trapazoidal_ ±10% overshoot

(3) Response: D.C. to 125 cps

(4) Deflection Sensitivity: 3 ma/degree

(5) Hysteresis: < .12 degrees

(6) Survive Temp - i0 to +50°C: Deflection compensated for constant

(using thermistor) excursion

(7) Overshoot: Constant

(8) Vibration: 20 to 2000 cps 10g rms 3-axis

(9) Weight: 4-5 oz.
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This scanner motor utilizes permanent magnet rotor and excited

field windings_ requires no lubricants_ and is ideally suited for deep space

vacuum operation. The motor weighs 4 ounces and requires 240 mw of power_

including temperature compensation and damping circuitry_ for a 3.3 ° angular

deflection. This power requirement can be reduced to less than i00 milliwatts

under optimum operating conditions.

The bearing is a I/8-inch diameter Bendix flexure bearing with a

±15 degree design limit. Operating at 3.3 degree excursions results in basic-

ally infinite lifetime operation since the bearing material is operating signi-

ficantly below its stress point.

The motor is excited by a 25 cps 24.5 volt square wave input to

the drive compensator. On calibration command_ the phase of the excitation

is reversed and the scan angle changed from 0 to +3.3 degrees to 0 to -3.3

degrees. The damping circuit is used to keep overshoot at the angle ex-

tremes down to 10% or 0.33 degree. This tolerance requirement is imposed by

the spacing of the previously described knife-edge mirrors. The natural

resonant frequency of the device is 125 cps. Operation at 25 cps produces a

trapezoidal scan angle pattern with approximately 30 degrees phase shift_

referen ed to the excitation waveform leading edge and the 50% amplitude point.

Figure 45 shows a plotted angle scan pattern made by a laser beam reflecting

from the operating scan mirror and intercepted at incremental positions by a

Circuit 24.5 Volts Drive

2.3k

3.3k 1.Oa sec

Red

Blk-Green

MFE Scanner

yellow

5

3

- _ _ Overshoot +5%

• 31.5 degrees

i I I i J
i 2 3 4 5 6 7 8 9 i0 ii 12 13 14 15 16 17 18 19 18 17 16 15 14 13 12 11 i0 9 8

Time (Milliseconds)

Figure 45. Scan Angle Plot
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silicon detector whose output was a pulse displaced in time from the leading
edge of the excitation waveform.

The scanner temperature compensation circuit is incorporated to

modify the excitation current which changes as a function of the varying DC

resistance of the motor windings. Since the scanner is a direct current de-

vice_ changes in winding resistance produce offsets with excitation. Damp-

ing is relatively unaffected by temperature.

Temperature and vibration tests were performed on the compensated

scanner which performed well within specifications. See Appendix D.

The total angle excursion varied 2% from 0 to 50°C and the total

overshoot varied 2%which is well within the minimum±10% requirement.

Vibration testing of the scanner included the following:

(a) 20 to 2000 cps I Gp

(b) 20 to 2000 cps 5 Gp

(c) 20 to 2000 cps i0 Gp

(d) 20 to 2000 cps 15 Gp

(e) 20 to 2000 cps sweep at 40°/minute at 0.25 inch double

amplitude and 21.2 Gp.

These tests were performed as an equivalent to white noise tests

at 15 G's RMS. Shifts in the position of a laser beam reflected from the

scan mirror over a i0 foot path were in the order of 1/4 inch resulting

from the above tests. This represents an equivalent angle change of 2 min-

utes which is well within specification.

Vacuum tests were performed on the scanner resulting in undetec-

able overshoot changes proving air damping was non-existent.

The scanner was proven to be a very reliable_ long-life, rugged_

low-power device that could operate in space unpressurized.
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2.5.3.4 COMPARISON OF OPTICAL CHOPPING METHODS

The tuning fork employed in the Apollo CO 2 sensor is more complex

than tuning forks employed normally for other purposes. This tuning fork is

classified as the weighted type because of the mass attached to the end of

each tine. The fork is driven by an electro-dynamic transducer system, which

consist_ of a drive coil and pick-up coil magnetically coupled to the fork

and driven and controlled by a fork drive amplifier. This system, while soph-

isticated in nature, has demonstrated its reliability in actual operation.

Since the tuning fork is a resonance device, very low power is required for

its operation. As an example, the Apollo CO2 sensor requires only 15 milli-

watts to drive the fork at its resonance frequency and provide for sufficient

motion to shape the optical signal to an appropriate electronic waveform.

An additional advantage of the tuning fork chopper is that it pro-

vides almost complete decoupling of the mechanical motion of the mounting

plane of the tuning fork. That is, motion of the tines transmit forces only

between each tine and not to the base of the mount, when the unit is properly

tuned. The coil transducers, which cause the motion of the tuning fork, are

very similar in construction to permanent magnetic loud speakers, except that

in our mechanism the steel fork moves instead of the coil as in the speaker.

Designs using aluminum tuning fork tines have been made in which case a coni-

cal shape magnet and related magnet cup would be used with the drive and

phasing coils. The drive coils receive current waveforms required to main-

tain the tuning fork oscillations. In addition, vibration of the tuning fork

near the pickup coil induces an alternating voltage in that coil. This volt-

age is directly proportional to the amplitude of vibration of the tuning fork,

thus permitting the electronic circuit to sense this amplitude and to maintain

control. The tuning fork frequency is of course fixed within very narrow lim-

its. Specifications for other uses sometimes limit this to part per million

changes of frequency. Our requirements are not this stringent and are readily

achieved by a tuning fork chopper.

The conversion factor between the AC voltage induced in the trans-

ducer system and the mechanical amplitude of the tuning fork is pre-determined

by the design of the transducer elements and tuning of the fork tines. The

performance of successive lots of tuning forks can be made within very narrow

tolerances. It is of interest to note that this mechanism is used as a chro-

nometric motor for technical applications with constant exposure to abnormal
environmental conditions.

The basic accuracy of the tuning fork in a fixed amplitude and under

fixed conditions of temperature and pressure is not influenced by pivot fric-

tion, lubrication, or the like, and its rate under these conditions is con-

stant for most practical purposes. The lack of the necessity for lubrication

is a decided advantage for the environmental conditions anticipated and for

the long life requirement imposed for high reliability missions. Effects of

altitude on the tuning fork are minimal since they would cause only the change

in density of the moving air column, which in principle forms a part of a mass

of the vibrating tuning fork. Actual tests performed have shown that pressure

114



changes from vacuum to a normal ambient pressure have presented no problem,

although there may be a small reduction in operating current resulting from

the elimination of air damping. The frequency of the tuning fork of our de-

sign is essentially unaffected by changes in attitude. This is particularly

true if the tuning fork remains horizontal. With the tuning fork's axis ver-

tical, however, a very minor change may occur since the rate in the tines

down position is faster than when the fork is horizontal, and the rate in the

tines up position is slower than the rate in the horizontal position. The

reason for the attitude effect is that in the tines down position, for ex-

ample, the effect of gravity on the weighted tines is added to the elastic

return force of the tuning fork to make the frequency higher than if the

gravity effect were absent, as for example in the horizontal position of the

fork. This effect is overcome by selecting a fork of high enough frequency

so that the tines stiffness is much greater than the contribution of gravity

to the elastic return force. Tuning forks below 500 cycles per second and

which require chopping motions of 0.050 inch or greater are more susceptible

to attitude errors. This type of chopper is particularly useful under shock

stress since it is a resonant device. Little, if any, effect is shown up to

shock levels that would approach those of a destructive test. Twenty G shocks,

for instance, do not appreciably effect the output at all.

A tuning fork chopper mechanism must be provided with vibration iso-

lation if reliable operation is required under conditions which include vibra-

tion at the resonant frequency of the fork. However, operation after vibra-

tion poses no problem as only the very narrow frequency bands near the reso-

nant frequency or its harmonics will affect the performance of the fork. For

example, a 600 cycle tuning fork would not be affected except for frequencies

in the neighborhood of 550 cycles to 650 cycles, and again in frequencies

from ii00 to 1300 cycles. Performance after exposure to these frequencies

during a vibration test does not inhibit the performance of the instrument.

The proven acceptance of this type of mechanism is shown by its wide

usage in various satellite programs. For example, the application of a tun-

ing fork to long duration, self-contained timing applications to switch-off

experiments and radio transmission in satellites such as the Explorer, Tel-

star, Tiros, and Sincomhave been achieved. Basic development work for this

mechanism was done by the Bulova Watch Company for use as a wrist timepiece

and is commonly known as the Acutron mechanism.

A disadvantage of this type of mechanism is that because of its high

Q it cannot be made to dwell at a particular image in space and for multiple

sampling applications it can offer only a limited performance, as a result of

its small chopping motion. Larger motions which could be used would then be-

come susceptible to environmental conditions. It was this one undesirable

characteristic of the tuning fork that has led us to the investigation of

other methods. The only other acceptable method has been a counterpart of

the tuning fork for wide band applications, namely the torsional chopper.

The torsional chopper is very similar to adc meter movement which has been

upgraded somewhat by the use of flexure bearings. This type of mechanism has

the advantage that it can be made to dwell at particular locations in space
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allowing the maximum amount of information to be transmitted to the detector.

A sketch of such a torsional chopper is shown in Figure 42. The torsional

chopper is by design, a wide band device while the tuning fork chopper is a

narrow band high Q device. As such, it responds only with sinusoidal motion,

allowing it to sweep by an image in space. The torsional chopper, on the

other hand, can respond to square wave inputs and can be progra_ned to stop

at particular images in space. Thus, perhaps the tuning fork is better suit-

ed to simple chopping on and off, while the torsional chopper is more appro-

priately used where several slits or images are required to be combined on
one detector.

The torsional chopper will provide the best signal information, but

the tuning fork provides the best environmental operation. The torsional

chopper is relatively new, while the tuning fork chopper has demonstrated its

performance in qualification tests. The maximum utilization of space is ob-

tained with the torsional chopper but the best utilization of power is obtain-

ed with the tuning fork chopper.

For the proposed system, two tuning forks would be required to re-

place one torsional chopper. The torsional chopper is fairly insensitive to

vibration where the tuning fork chopper is insensitive to shock. Neither

method requires lubrication, which is a decided advantage over a motor, and

the torsional chopper has the feature of flexure bearings operating at angular

rotations much below rating to ensure long life.

The electronics required to drive the wide band device -re relatively

simple, while a relatively complex sophisticated electronic syst_ is required

for the tuning fork chopper. However, this system has been designed and

checked out. The final determination of the most suitable system to use will

not materially affect the total overall package size, the power consumption,

or the reliability. However, the electronics signaling philosophy will be

markedly affected by whichever method is used. With the torsional chopper, a

sampling method of detection would be anticipated. The tuning fork chopper

method, however, uses the extraction of the Fourier components of a complex

waveform to provide information regarding the absorption of the gas and the

total transmission of the system.

2.5.4 SAPPHIRE AS AN ULTRAVIOLET OPTICAL ELEMENT

The choice _f optical materials for use in the ultraviolet region at

a wavelength of 1470A (used for 02 sensing) is quite limited. Although quartz

and fused silica are usable to about 2000_, below this wavelength only sap-

phire and fluoride single crystals (such as lithium and calcium fluoride)

have useful transmission characteristics. Of these two, sapphire has greatly

superior mechanical properties and resistance to moisture and environmental

conditions. Although lithium fluoride has higher transmission at 1470_ its

moisture sensitivity makes it unsatisfactory for this application.

The ultraviolet transmission of single crystal ultraviolet grade

sapphire is shown in Figure 46. The "normal" grade sapphire is unusable at

116



i00

=o 90
® 80

70

_ ,60

50
_ 40

30

20

10

UV

f
/

/
/

J

t
/

I _ Normal

1 to 2 mm Thick

J I _ I J I l I l I

1400 1600 1800 2000 2200 2400

Wavelength (Angstroms)

Figure 46. UV Transmission of Single Crystal UV

Grade Sapphire

1470A while the UV grade has 4_% transmission. (Information from another

source indicates 55% transmission at this wavelength.)

Some of the physical and thermal properties of sapphire single crys-

tals are shown in Table X. The ability of a sapphire window to withstand a

20 psia pressure differential was computed and the thickness required for

this was found to be 0.462 u_n (0.0182 in.) using a 3 to i safety factor.
This calculation is shown as follows:

2

p d_ = 180_000
n Empirical relationship from Linde

Crystal Products Dept.

Where P = pressure in psia

d = diameter

h = thickness

P = 20 psia using a

3/1 safety factor_ let

P = 60 psia

2

d _ 180,000 = 3000
n 60
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d - 3000 = 54.8
n

For d = 1.00 in.

h R

54.8
- 0.0182 in. = 0.462

It is apparent that single crystal sapphire is the only window mate-

rial suitable for this application. Several reliable methods are available

for bonding sapphire to metals, glasses, and ceramics.

TABLE X

PROPERTIES OF SAPPHIRE SINGLE CRYSTALS

(Linde Crystal Products Dept.)

Density (g/cc)

Hardness (moles)

Compressive strength (psi)

Young's Modulus (psi)

Tensile Strength (psi)

Coefficient of thermal expansion

(60 ° orientation; in/in/°C; 20-500°C)

Thermal conductivity (O°C_ Cal/cm - °C-Sec)

3.98

9

300,000

50-60 x 106

58,000

77 x 10 -7

0.II
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3.0 SPACECRAFT INTERFACE CONSIDERATIONS

3. i GAS CONTROL TECHNIQUES SYSTEM STUDY

3. i. i GENERAL

Although a variety of gas control techniques may be considered_

three particularly suited to optical absorption gas concentration measure-

ment and requiring only simplified controls are described. The two techniques

for cabin gas control_ shown in block diagram form in Figures 47 and 48_ cor-

rect for water vapor and carbon dioxide with "open loop" apparatus_ i.e._ a

concentration measurement is not used to control the rate of operation of the

contaminant removal apparatus. (It may prove advantageous_ however_ to save

power by controlling the power input to the fans or pumps in this apparatus

in accordance with the contaminant concentration.) The partial pressure or

concentration of oxygen is controlled by means of a closed loop_ i.e._ a

concentration measurement controls the injection of oxygen into the system.

The total volume control mode for cabin oxygen control (Figure 47) has the

more simple apparatus_ whereas the input mixture control mode (Figure 48) has

freedom from loop instabilities which could arise with cabin circulation prob-

lems. The latter system also provides a simple refilling arrangement when

cabin gas pressure has been reduced below the breathing pressure level.

Figure 49 illustrates a simple suit gas control technique using

optical absorption gas concentration measuring apparatus. The principle of

operation is similar to that of the input mixture control mode for cabin gas

control (Figure 48). In the event that separate sets of measurement and

control units are used for cabin gas and suit gas purification_ they may be

interchanged under emergency conditions to provide additional reliability of

the station's life support systems. It would be practical to use this con-

trol technique to provide a purified suit atmosphere under circumstances

which would permit attaching inlet and exhaust hoses to cabin manifolds.

For some operations outside the cabin_ it would seem desirable to use a free

suit similar to the LEM suit; however_ this subject is outside the require-

ments of our present study.

3.1.2 SYSTEM DESCRIPTION AND qUALITATIVE PERFORMANCE

The cabin gas control system featuring the total volume control

mode (Figure 47) is the more simple from the viewpoint of the number of ele-

ments required for operation. In practice it would operate as follows: The

O2_ CO2_ and H20 partial pressure measuring apparatus maintains the cabin

oxygen concentration within limits by means of a proportional control valve;

while a total pressure transducer_ by means of separate proportional control

valves_ either vents cabin gas to space or adds nitrogen to the system to

maintain the required total pressure. Indicators provide a visual readout

of oxygen and contaminant concentration. As will be shown in a subsequent
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section of this study, the performance of this type of control system is

strongly influenced by the effectiveness of the cabin gas circulation

apparatus.

The gas control system shown in Figure 48 features the input

mixture control mode which requires the use of a mixed oxygen-nitrogen sup-

ply (or a mixing apparatus in the delivery tubes)_ a flow meter_ and some

simple electronic computing (generally in the form of potentiometer-type

signal multipliers) and time control apparatus. In practice this system

would operate similarly to the total volume control mode shown in Figure 47

except that the gas being sampled and replenished is routed through the flow

meter and receives the required oxygen injection before passing through the

sensor. In this configuration, oxygen is fed directly to the sensor stream

in such an amount that the resulting oxygen concentration equals the set

value. The cycling switch will periodically interrupt oxygen injection to

permit measurement of undisturbed cabin gas. With this system the charac-

teristics of the purified inlet gas are completely predictable and no con-

trol instability can occur as a result of the motion of the men or apparatus

in the cabin. These motions could cause, at most_ a spatial variation of the

various gas constituents in the cabin in regions with limited gas circulation.

The proposed suit gas control system, shown in block form in Fig-

ure 49_ operates in a manner which is qualitatively the same as the input

mixture control mode of the cabin gas control system. If an individual wear-

ing one of the suits desires to work with his helmet visor open, he should
close the inlet and outlet valves on his suit so the other suits will not be

affected and the suit pressure control will not be upset.

3.1.3 DETAILED SYSTEM ANALYSIS

To determine in detail the time and accuracy aspects of the de-

scribed systems' performance requires first that the constants and input

functions be specified. The performance may then be predicted by mathemati-

cal analysis.

For purposes of carrying out an illustrative performance calcu-

lation_ it will be assumed that the air replenishment and control systems

can be represented by the elements of the block diagram of Figure 50. Man

respiration rates have been drawn from Reference I_ p. 1-6, and cabin volumes

and partial pressure requirements have been drawn from the specifications of

the development contract, NASI-5678. For simplicity, the cabins specified

have been treated as separate systems but combinations of these should be

straightforward. The purification stream rates are reasonable minimums in

view of the values mentioned in References I and 2. The space-time variation

of the cabin gas concentrations is known only very roughly, even assuming an

ideal input gas stream. If the cabins are assumed to be ideal cylinders and

the resulting Reynolds numbers are calculated, it can be concluded that the

flow regime is one of partially-developed turbulence. In view of the cabin

obstructions_ the flow regime is expected to be that of moderately developed

turbulence. This will be superposed on the main gas stream_ which itself will
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not be uniform_ but will vary from a maximumin the cabin center to zero at
the cabin wall. (The main gas stream is assumedto be from end to end_ of a
cylindrical cabin_ for reasons of minimizing the fan power requirements.)

A reasonable_ simplified gas input to gas output time response is
thus a pure time delay with a value slightly less than the ideal_ uniform_
spatial flow rate time_ combined with a concentration storage type of behavior.
Exact numbersfor these parameters can only be found from experimentation with
a cabin mock-up. To describe this type of behavior_ someof the control sta-
bility calculations were performed assuming a pure time delay.

If it is assumedthat the menare disposed nearly uniformly in the
cabin and that they undergo a suddenactivity rate change (from low to high)
the resulting output stream concentration changebecomesa combined ramp and
delay function which is represented by the functional dependenceshownin
Table XI. If the menare disposed at a point in the cabin and undergo a sud-
den activity rate change_ the initial concentration change in the gas as seen
at the output pipe becomesa combined step and delay function with the time
parameters dependent upon the location of the men in the cabin. For each time
the gas is recirculated without replenishment an additional step change is
added.

Assumed System Characteristics

The following system characteristics utilize the aforementioned

assumptions along with others which appear reasonable from the references and

existing knowledge of optical absorption gas concentration sensor behavior.

Man Generation and Utilization Rates

(Average numbers cited are from Reference i_ Table 1.3-1V
Short term maximum numbers are 3.5 times these.)

Gas 24 Hour Average Generation

(ib/man-min.)

CO 2 0.0016

H20 0.0041

02 -0.0013

Sum 0.0044

Short Term

Maximum Generation

(ib/man-min.)

0.0056

0.0143

-0.0041

0.0154

Cabin Characteristics <See Table Xl)
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Module

Volume (ft 3)

Gas Content
(ib)

Assumed
Purification
Stream Rate
(ib/min)

Assumed
Manpower
and Activity
Rate

Gas CO2

Generation H20
Rate (ib/min) 02

Sum

AssumedOutput
Stream Time
Responseto a
Step Function
Generation Rate
Change (x)/min

throughout the volume

TABLE XI

CABIN CHARACTERISTICS

Apollo
Command

138

5.1

Lunar

Excursion

180

6.7

5

Laboratory

1500

56

20

2 max: i ave

0.013

0.033

-0.0095

0.035

xt (2_e-t)
2

2 max: i ave

0.013

0.033

-0.0095

-0.035

_t (7/4_e-3t/4)
2

4 max: 3 ave

0.027

0.070

-0.020

0.075

X t (413-e -t/3)
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Purification Apparatus Characteristics

The apparatus removes 6T% of carbon dioxide in stream and all

water in stream above a concentration corresponding to 100% R.H. at 33°F.

The outlet water vapor pressure is 5 mm Hg.

Measuring Apparatus Characteristics

Table XII shows assumed performance values of the gas measuring

apparatus. The values cited for C02_ H20 _ and 02 sensors are appropriate

design goal values for the optical absorption measuring apparatus. Values

shown for pressure, flow_ and temperature are typical of commercially avail-
able transducers.

TABLE XII

MEASURING APPARATUS CHARACTERISTICS

Gas Concentration

or Bulk Parameter

CO2

H20

O 2

Total Pressure

Flow Rate

Temperature

Percent of Full Scale Error

(Striction, Slope, Noise_

and Zero)

2.0 realizable

(5.0 presently)

5.0 estimated

2.0 estimated

Response Time

Constant (Seconds)

1.0

1.0

1.0

2.0

2.0

2.0

1.0

5.0

30

Control Apparatus Characteristics

Two control apparatus elements are required for adjusting the

flow rates of 02 makeup and cabin filling (N 2 or N 2 and 02) gases. It is

assumed that this will be accomplished by use of valves positioned rapidly

by control signals.

3.1.3.1 PERFORMANCE CALCULATIONS

From the data and parameters presented, it is possible to carry

out several static and dynamic system performance calculations. A signifi-

cant static performance calculation is the time required for the partial
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pressure of the various gases in the cabin atmosphere to changemore than
the specification tolerances. The results presented in Table XIII are based
on the assumedmanpowerand activity rates of Table XI and are inversely
proportional to the purification stream rates. A second simple calculation
is the ultimate partial pressure change to be expected when the mencontinue
to change the gas concentration for a long period of time at the assumed
(high) activity rate with gas correction apparatus operating. These results
are also shownon Table XIII. The cited values show the excursions in the
concentrations of the cabin outflow gases. The concentration limitation was
provided in the case of carbon dioxide by the proportional removal apparatus.
This calculation was done under the assumption that the gas change or gener-
ation rates and the gas correction rates were equal. In the case of H20_
the concentration was determined by the reduction of the inlet gas water
vapor pressure to 5 mmof Hg by the water condensing apparatus. In the case
of oxygen_ it was assumedthat the gas inlet stream was corrected to within
the accuracy of the sensing apparatus. Obviously if the men find it neces-
sary to work in regions having poor gas circulation_ the excursion of the
concentrations of gases in these regions can exceed the values shown.

Dynamic behavior of the gas concentrations can also be obtained 3

but with more difficulty. Assuming again a sudden increase of activity rate

in the cabin_ the change of the carbon dioxide concentration can be expected

to increase monotomically in a few gas circulation times toward the ultimate

change value shown on Table VIII. The behavior of the water vapor concen-

tration change is even more simple. A single pass through the condensation

apparatus will reduce the partial pressure in the flowing gas to 5 mm Hg 3

the lower limit for the cabin. Assuming that any oxygen sensor error is

constant during the period of observation_ the transient behavior of the

oxygen change concentration can be obtained for the two postulated control

systems (Figure 50)_ with digital or analog computation. This has been done

for the total volume control mode in the graphs of Figure 51. They show the

transient behavior for a system control loop gain of i0 for the loop delay

time constants which are specified. For simplicity_ the delay occasioned by

gas transport through the cabin has been assumed to be a simple time delay.

Step function concentration change inputs were used in each case to indicate

the stability of the feedback loops. For the control system to have relia-

ble stability_ the feedback time constant needs to be at least equal to the

product of the loop gain and the cabin transport delay time. Otherwise the

concentration oscillates with significant excursions. This result was veri-

fied also with computer runs simulating a loop gain of 40. As has been

mentioned previously_ any significant increase in the cabin transport delay

without an accompanying increase of the feedback delay time constant can

cause serious instability in the cabin oxygen concentration. Since the in-

duced gas concentration change in an actual space cabin without correction

will increase with time 3 approximately uniformly (as a ramp function)_ it is

necessary that the control loop eventually used shall include an integrator

to limit the excursion of the concentration.
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TABLE Xlll

COMPUTED TIME AND ULTIMATE PRESSURE CHANGE VALUES

Module

i. Apollo Command

2. Lunar Excursion

3. Laboratory

Time for Partial

Pressures to Go From

Minimum to Maximum

Specification Pressure

Levels With No Correc-

tion. (Min.)

C02" H20 02** SUM

12 15 18 5.8

16 19.5 23 7.6

64 76 91 29

CO 2

+0.95

+0.95

+-0.50

Ultimate Partial

Pressure Change in
Outlet Stream With

Correction.

(mmHg)

H20 02

+3.9 -0.6+3.6

+4.0 -0.6+3.6

+2. I -0.3+3.6

SUM

+7.0

+7.0

+7.0

*0 to 7.6 mm

**Maximum to minimum pressure
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The time behavior of the input mixture control mode will be simi-

lar_ of course_ to that of the indicated total cabin performance_ except that

with a reduction of the transport delay from minutes to seconds, the correc-

tion rate can be correspondingly increased; or_ better still_ the correction

rate can be increased by a lesser factor_ whereupon the loop will be un-

questionably stable.

The transient behavior of the suit loop correction system has not

been analyzed in detail. However_ it should not present serious stability

problems_ since the transport time delays can again be only seconds.

It should be mentioned that the use of a 1.0 second signal filter

time constant in the oxygen (optical absorption) concentration measuring

equipment will not significantly affect closed loop control stability since

delay time constants will be several times as long as this.

3.2 VISUAL READOUT COMPATIBILITY (See Figure 52)

The output signal levels of all channels (i.e._ oxygen_ water_

carbon dioxide_ nitrogen_ and total pressure) are from 0 to 5 VDC_ and are

available from redundant output drivers on each channel. Expanded scales

are provided on the oxygen and total pressure channels 3 and could be pro-
vided on other channels if desired. The output impedance of the signal

lines is low 3 and can be used to drive the spacecraft cables to the displays

or telemetry with a high degree of noise immunity.

02 Normal

Output

Characteristic

02 Expanded

Scale Output

Characteristic

5V

0

0

-- !

P02

5V

125 MM

Hg P02

250 I_

250 I_

Figure 52. Oxygen Output Characteristics
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3.3 OPERATIONAL SUPPLIES

The gas sensor system is designed to operate from 28 VDC_ and

will consume in the order of 4.5 watts of power. No calibration gases or

vacuum supplies are necessary and no special bias voltages or other energy

sources are required. Thus_ the only operational supply required is elec-

trical power.

3.4 MAINTAINABILITY

A definite reliability/maintainability trade-off area exists for

the proposed Two-Gas Atmosphere Sensor. The tradeoff is whether to design

an equipment which is either readily maintainable with a given inherent re-

liability or less maintainable but more reliable. Project and Reliability

Engineering have decided in favor of the latter approach for the Two-Gas

Atmosphere Sensor.

This decision on increased reliability is based upon the ultimate

application of the equipment for use in a manned spacecraft. The four items

provided during Phase II_ although non-flight items_ should parallel the

design of a flight item version. A major constraint on the above is, of

course_ to keep equipment cost relatively low.

The Two-Gas Atmosphere Sensor will be designed to minimize pre-

ventive maintenance components 3 adjustments and alignments. Minimization

of scheduled maintenance on any individual item will be achieved by the

utilization of components with operational lives in excess of 3000 hours.

This means that almost all equipment maintenance would be due to corrective

maintenance tasks only.

It is recommended that any maintenance required on the Two-Gas

Atmosphere Sensor be performed at Perkin-Elmer. All electronic modules will

be wired-in solid by either welding or soldering techniques and the entire

electronics assembly will very likely be encapsulated. The increased diffi-

culty in maintenance associated with wiring-in and encapsulation will yield

a more flightworthy equipment. Maintenance manuals will be supplied with

the equipment such that qualified field personnel can maintain the equipment_

if absolutely necessary.

A desirable maintenance feature to be incorporated into equip-

ment design is a provision for system self-checkout through built-in test

circuits. This feature should provide for swift fault isolation.

3.5 REDUNDANCY

A trade-off evaluation has been made by Project and Reliability

Engineering regarding size_ weight_ power consumption_ cost_ redundancy 3 and

reliability. The resulting conclusion at this time is that the increased

size_ weight_ cost and power consumption due to any major redundance does

not justify the corresponding increase in reliability.
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If any significant degree of redundancy is contemplatedj it is
believed that the most feasible methodwould be a design which provides two
identical Two-GasAtmosphere Sensor systems_ arranged in either an operative
or preferably a switch-over redundancy configuration. A switch-over redun-
dancy is the better choice_ because the redundant standby element is non-
operative and requires no power consumption until failure of its operative
counterpart. This is based on the assumption that the switch element dissi-
pates negligible power as the design progresses during Phase II_ however_ it
is possible that certain items or circuits_ which do not now appear to pre-
sent any problems_ may conceivably becomeproblem areas. If such a situation
develops_ redundancy will certainly be an important consideration. Also all
critical items are potentially trade-off areas for the possible incorporation
of redundancy.

The present design configuration for the Two-GasAtmosphere Sen-
sor has a redundancy feature in all five output driver stages. This permits
simultaneous monitoring from two separate readout devices for each electrical
output of the sensor. Improvementin reliability due to this feature_ how-
everj is not significant because the associated output driver electronics
is minimal. The remainder of the current configuration is serial.
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4.0 ASSESSMENT OF SENSOR TECHNOLOGY

4.1 ZERO GRAVITY OPERATION

In general, the removal of any gravitational forces does not

impair the operation of the proposed sensing system. This can be demonstra-

ted by the minor change in the systems output characteristics as a function

of orientation. In the present system, the only moving parts are those con-

nected with the optical choppers. The proposed chopping system does not de-

pend on the application of gravity for the principal restoring force or need

it be considered in the resultant forces operating on the chopper blade.

There is no mechanical transfer of material within the system and all of the

information channels are carried in either optical or electronic signal media

which are unaffected by the variations in gravity. While no actual tests

have been performed under zero gravity conditions the converse philosophy has

been tested, that is, additional forces artificially experienced in accelera-

tion tests have shown no changes in the operation of the equipment due to

these increased external forces. In summary, the design is compatible with

zero gravity operation and no degradation of performance is anticipated under

zero-G conditions. Improvements or changes in the present design will keep

in mind the necessity for final zero-G operation.

4.2 EXPOSURE TO HARD VACUUM

It may be anticipated that materials employed in space vehicles

might be exposed to pressures lower than I0-I0 millimeters of Hg at a wide

variety of temperatures. This low pressure could result in the actual loss

of bulk material or a change in composition of that material. This consider-

ation is of particular importance in very thin coatings and could affect the

usefulness of some members of practically all the materials classes.

The actual loss of bulk material is not considered to be an im-

portant aspect in this application since the temperatures seen by this par-

ticular sensor would be quite nominal. A more important consideration is the

change in composition of the bulk material. Consideration must be given to

the change in such mechanical properties as strength, hardness, and creep

rate. Changes may also occur in properties such as electrical resistivity,

thermal expansion and emissivity. Of particular importance to plastics is

the volatility of the plasticizer. The loss of this plasticizer may result

in cracking and crazing, due to shrinkage and brittleness, and a general im-

pairment of the effectiveness. The change in the frictional properties in

this hard vacuum will not be considered since there are no sliding parts

within the proposed sensing system. This is a possibility that changes in

optical transmission can result from the devitrification of glasses. This is

not considered to be a problem at the present time due to the nominal temper-

atures that should be encountered. Evaporation in any of the UV coatings

that are used in the oxygen/water system could result in roughening of the

surface. There is the possibility that changes can result with associated

changes in emissivity and reflectivity. However, this is not considered to

be of importance in the infrared system.
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Predictions on the behavior of material under the hard vacuum
conditions are difficult to obtain. Emissivity 3 absorptivity_ and optical
characteristics can be studied in the laboratory_ however_ the final utiliza-
tion of these materials would have to be based on data that presumably is
available to NASAfrom recent satellite experiments. It is assumedthat the
Materials Advisory Board of the National Academyof Sciences or someother
authoritative organization will have a prepared list of suitable materials
for hard vacuumapplications. Of course_ every effort will be madeearly in
the design phase to utilize materials having the desired hard vacuumcharac-
teristics. It would be unreasonable to presumetoo muchon the technical re-
suits that would be achieved with normal good vacuumsystems which would oper-
ate in the range of 10-6 millimeters. Even the use of ultra high vacuumfa-
cilities of 10-8 millimeters or better would not be adequate to fully satisfy
the requirements for space installations. Certainly the design phase would
specify the use of materials that do not out-gas_ vaporize or in any other
way degenerate in the space enviror_ent. Of additional concern would be com-
bined environmental requirements such as combined ultraviolet radiation in a
vacuumor high temperatures while in a vacuum. The problems associated with
electrical breakdownin a vacuumwill be handled in the design phase so that
under no conditions will electrical breakdown be allowed to occur at any
pressure from ambient to 10-4 millimeters. This will be prevented by the
adequate use of suitable potting materials where necessary.

The irradiation of elastomers by ultraviolet radiation in vacuum
may produce more or less severe degradation of the irradiated surfaces. How-
ever_ the anticipated level of ultraviolet radiation in our system is consid-
ered to be of such low level that problems with elastomers are not considered
to be important. No degradation of elastomeric seals has been observed in
our present equipment after long term operation_ that is_ after several months
of exposure to typical levels of ultraviolet radiation. It is encouraging to
note that theoretical studies of the influence of ultraviolet radiation on the
electrical properties of spacecraft have indicated the effect to be small even
with the muchhigher levels used in the study. (Arnold Engineering Develop-
ment Center Air Force SystemsCommandDocumentAEDG-TDR-62-2-16January 1962--
'_Itraviolet Effects of SpaceVehicle Operation in Ultra-high VacuumEnviron-
ments".) It is interesting to note that these sameexperiments and theoret-
ical studies have shownthat fluoro-elastomers resist degradation most suc-
cessfully. The extensive use of these materials particularly as wiring in-
stallation will be utilized in the design of the two-gas sensor.

In summary, it is recognized that potential problems may exist
when operating in a high vacuumsystem. However, the experiences to date
with experiments over the past year have not indicated any appreciable prob-
lem with any portion of the system operating in a vacuum. The major design
consideration is to be in those areas associated with electrical breakdown in
a vacuumrather than any material degradation. In normal usage the equipment
would be sealed from the hard vacuumby the use of high quality hermetic seal-
ing techniques. Actual tests that we have conducted over extensive periods

of time such as the Mission Life Test of the Apollo Qualification Test Pro-

gram_ which consists of combined temperature-altitude tests to 10 -4 millimeters,
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have not shown any problem areas in the infrared system due to this combined
environment.

4.3 EFFECT OF ERROR IN C02 AND H20 MEASUREMENT

ON N2 MEASUREMENT

The N 2 partial pressure will be measured by subtracting the other

partial pressures from the total pressure. A calculation is given below of

the errors in PN2 caused by errors in the other measured quantities.

Assume the total pressure error is i%_ the 02 error is 27o, the

C02 error is 2%, and the H20 error is 5%.

The nominal total pressure is 362 ran Hg_ nominal P02 = 181 _Hg.

The PC02 is supposed to be less than 7.6 mm Hg; we assume nominal PC02 is

3.8 n_n Hg. Assuming a relative humidity of 35% to 75% over the temperature

range of 40°F to 90°F results in water vapor pressures of 2.2 to 27.1 u_n Hg;

we assume nominal PH20 of 14 _ Hg.

The nominal PN2 is calculated as:

P02 = 181.0

PH20 = 14.0

PC02 = 3.8
198.8 mm

Ptotal =

PN2 =

362.0

- 198.8

163.2 mm

Assuming the above mentioned errors occur.

1% of Ptotal

2% of P02

2% of PC02

5% of PH20

Then the total error is:

3.62 n_n

3.62

0.08

0.70

8.02 mm
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Now

8.02
163.2

4.917o

Assuming there is no C02 sensor, but that the nominal CO 2 concentration is
used. Then the total error is

3.62 mm

3.62

PC02 error 3.80

5% of PH20 0.70
11.74 mm

11.74
7.2%

163.2 -

If it is assumed that there is a C02 sensor, but no water sensor (and nominal

PH20 is used) then the total error is

3.62 n_

3.62

error
PC02 0.08

PH20 error 13.10
20.42 mm

20.4
- 12.5%

163.2

If there was no C02 sensor and no water sensor (and nominal PH20 and PC02 are
used). Then the total error is
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3.62 m

3.62

PC02error 3.80

PH20 13.10
24.14 nln

24.14

163.2 - 14.87_

Of this error 13.1 mm is due to H20 ; this is

13.1

163.2 -
8.03?0

error in PN2 due to H20 .

Also 3.8 mm of error is due to C02; this is

3.8
- 2.3%

163.2

error in PN2 due to C02 .

It can be seen from these figures, that the total error in N2

measurement using a pressure sensor, 02 sensor, C02 sensor, and H20 sensor is

8.02 mm (4.9%) while the total error using no C02 sensor and no H20 sensor is

24.14 mm (14.8%), which is an increase of only 16 mm (I070). Thus, it appears

feasible to calculate PN2 by using constant nominal values for PC02 and PH20.

4.4 ABILITY OF TWO-GAS ATMOSPHERE SENSOR TO MEET

RELIABILITY AND FLIGHT QUALIFICATION

A qualitative engineering support effort from Reliability Engineer-

ing has been the reliability requirement imposed during Phase I by NASA-LRC.

On the customer's verbal advisement it appears that flight model reliability

requirements will not be invoked for the four deliverable non-flight items of

Phase II. Hence, comparative reliability figures of several alternate designs
should provide the most meaningful information at this time. To this end

several design approaches have been evaluated during Phase I of the present
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program. Relative levels of reliability associated with each approach have
been calculated. The results are shownin Table XIV.

In the event that an M_BFor probability of survival figure is
assigned to the equipment in the Phase II procurement specification, the
necessary reliability allocations, analyses_ and predictions will be per-
formed to ensure achievement of the reliability requirement.

Flight qualification assurance cannot be given on any equipment
without testing. If_ as is anticipated_ flight hardware units will not be
required during Phase II of the program_ test procedures for flight qualifi-
cation testing in Phase III should be written and approved during Phase II.
(Appendix E is a typical qualification test plan.) Flight safety tests
should be considered in Phase II as a meansof expediting future flight eval-
uation of the Two-GasAtmosphere Sensor. Flight safety tests should consist
of ignition proof and electromagnetic interference tests as a minimum.

TABLE XlV

COMPARATIVE RELIABILITY OF DESIGN APPROACKES

Design Approach Comparative Reliability
Factor Co_nents

i. XTuning fork chopper and

transistorized circuitry

2. Tuning fork chopper and

linear integrated circuitry

3. Torsional chopper and

transistorized circuitry

4. Torsional chopper and

linear integrated circuitry

X + 45%

X + 7%

X + 597o

Level of Reliability

attainable using

design approach #i

45% increase in

reliability

7% increase in

reliability

59% increase in

reliability

Notes:

1. A best estimate of total parts and their component types has been

used in obtaining the comparative reliability factors shown.

2. Failure rate data was taken from MIL-KDBK-217.

3. An exponential distribution has been assumed.

4. The failure rates were selected at 20°C and were assigned a derating

factor of 20% as an estimated average for this type of application.

5. The failure rates of linear integrated circuits have been assumed

to be equal to transistor failure rates.
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4.5 STATE OF DEVELOPMENT

The combination sensor is a logical step forward in the develop-

ment of space hardware. As such, it will be based on previously qualified

components, techniques, and systems as well as advanced concepts based on our

previous experience. The development of an instrumentation system can be

greatly facilitated by the utilization of appropriate existing subsystems.

The basic C02 sensor optical system was developed almost three
years ago. Since that time it has been slightly upgraded to its present

Apollo qualified status. Over this three year period there have been no sen-

sor problems due to the optical elements or their mounting. This subsystem

will be employed with no changes other than in minor mechanical mounting.

The basic 02 sensor optical system was developed and tested with-

in the past year. To date no system problems have been caused by the optics

and tests have shown this system to be relatively insensitive to optical ele-

ment positions. This subsystem will probably have fixed optics except for an

adjustable grating. Except for minor mechanical changes, the optical system

will be employed in its present form.

The infrared detector for the C02 subsystem was specifically de-

signed for this application. It is a rugged, well shielded unit which does

not require any cooling or electrical bias. It is essentially space quali-

fied and will be used with only minor changes.

The UV detector is a ruggedized photomultiplier designed specifi-

cally for space applications. It consists of a ruggedized dynode structure

mounted in a conventional envelope, which is bonded in a housing. The dynode

divider is built onto the tube base and epoxied to the housing. This extreme-

ly stable unit will be employed with essentially no changes. Similar units

have been employed in space.

The infrared source is a standard, military specification tung-

sten lamp. It is purchased as an aged, and selected for uniformity, compo-

nent. As received it has a lifetime of 60,000 hours at rated power. Over

our previous three year production period no lamps have failed.

The UV source is a relatively new component and no firm life data

has been developed. However, there have been no failures to date except for

mishandling. Additional data on its life expectancy will be developed in the

next phase.

The electronics, although not identical to our present C02 sensor,

will draw heavily on the qualified circuits and components employed in the

C02 sensor. Our experience with these circuits has revealed where improve-

ments may be made and where some of the newer techniques, such as integrated

circuits, may be employed. The requirements of these circuits are more fully

covered under some of the paragraphs concerned with reliability. We will em-

ploy, to the maximum extent possible, qualified components and circuits.
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To stmmmrize, most of the componentsand subsystems are in the
space qualified state of development. Variations of these and new proven
techniques will be employed wherever an obvious gain will be realized for the

overall system.

4.6 OPERATIONAL LIFE

The design goal for the Two-Gas Atmosphere Sensor is an opera-

tional life, or useful life, of 120 days. Operational life of an item/equip-

ment is defined as the interval of time during which the failure rate remains

essentially constant. The exponential distribution describes item/equipment

failure rate accurately during its operational life following burn-in_ where-

as a normal distribution is usually employed to describe wearout phenomena.

Almost all electronic component failures are of a random nature

and are not attributable to wearout. The only foreseeable problem associated

with the electronics portion of the proposed system is that of long term

drift and stability. Measures such as use of close tolerance components and

conservative design should prevent this problem.

Critical items and their operational life ratings are as follows:

Item

i. Torsional chopper or

tuning fork

2. Photomultiplier

3. Infrared lamp source

(MS 24515 -682)

4. Ultraviolet lamp source

Operational Life Ratin_

Unlimited when properly applied

Unlimited

20_000 hours at rated voltage

and 70°F (EMR)

60_000 hours at rated voltage

(Chicago Miniature Lamp Works)

Has not been determined

Life testing of the ultraviolet lamp source is recon_nended during

Phase II. The ultraviolet lamp will be operated at a continuous DC voltage

to minimize sputtering effects. The lamp may also be run at decreased power

to increase life. Present life data on similar ultraviolet lamps indicate
operational lives of 500 hours 7000 hours.

Actual lamp tests have not beenmade due to the long delivery

time required by the components. The lamps have been ordered and should be

available for testing during the design phase (lla).

4.7 SHELF LIFE

The shelf life goal imposed by NASA-LRC for the Two-Gas Atmosphere

Sensor is one year. There are certain precautions which must be taken to
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ensure achievement of this goal. Potential problem items and Perkin-Elmer
recommendationsto circumvent the problems are as follows :

Potential Storage
Item Problem

i. Semiconductors Possible shift of
parameters

2. Photomultiplier

3. Ultraviolet lamp
and infrared lamp

4. Torsional chopper
or tuning fork
chopper

Sensitive to light
during storage

Gas leakage

No problem

Solution

Conservative design.

(A design that is

not dependent on

close parameter

tolerances.)

Will not be exposed

to light inside an

enclosed unit. EMR

quotes 3 year shelf

life at 70°F.

Ensure proper sealing

Storage in either a contaminated atmosphere or at temperatures in excess of

200°F should be avoided. The Two-Gas Atmosphere Sensor should easily be

capable of exceeding a one year shelf life goal under normal conditions.

4.8 COMPLEXITY

The complexity of a given system is the degree of design sophisti-

cation required to perform a specified function and is related to the total

number of parts involved in an equipment design.

The inherent simplicity of the optical absorption technique allows

the gas measurement to be accomplished with a minimum of components. It is

only necessary to irradiate a sample volume and detect the changes in optical

transmission due to changes in the concentration of the sample gas. To do

this requires only a source, sample cell, and detector. The electronics nec-

essary for control and signal processing are conventional in concept and com-

plex only in their state of the art utilization and packaging.

The complexity of the Two-Gas Atmosphere Sensor can be compared

to the present Perkin-Elmer Carbon Dioxide Sensor to establish a reference.

The Two-Gas Atmosphere Sensor will provide five channels of information with

two redundant outputs per channel, whereas the C02 Sensor provides only one

channel of information with four redundant outputs. Upon evaluation, the

Two-Gas Atmosphere Sensor is estimated to be only twice as complex as the
Carbon Dioxide Sensor.
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Circuit complexity increases proportionally with increased utili-
zation of redundancy. Therefore, the proposed Two-GasAtmosphere Sensor com-
plexity attributable to redundancy is minimal.

4.9 ENERGY, MATERIAL_ AND ATMDSPHERIC SAMPLE REQUIREMENTS

The power requirement for the Two-Gas Atmosphere Sensor is almost

entirely an electrical one. The electrical power estimate is as follows:

Signal

Infrared Source

Chopper and Drive

Sub-Total

Main Power Supply

Ultraviolet Source

UV Source Power Supply

Photomultiplier Tube Dynode Resistors

Photomultiplier Power Supply

Sub-Total

Pressure Transducer

GRAND TOTAL

0.50 watts

0.20

0.30

0.25 watts

0.70

1.00

0.25

1.00

1.00 watts

3.20 watts

0.30 watts

4.5Owatts total system

The power required to flow sample gas through the Two-Gas Atmos-

phere Sensor will be negligible compared to the sensor input power require-

ment. This can be shown with figures obtained from a prototype 02 sensor,

since the Two-Gas Atmosphere Sensor will have a similar sample cell geometry.

In the prototype 02 sensor, a flow of I00 standard cc per minute gives a re-

sponse time of about 3 seconds with a pressure drop of 1.33 mmHg across the

sensor at this flow and 362 mm Hg total pressure. Power is equal to pressure

drop times flow rate, or

Power = (1.33 imn Hg)

= 2960 dyne-cm
sec

= 2960 erg/sec

= 2960 x 10 -7 watt

(I00 cm3/min) 1333 dyne/cm 2 I min
I mmHg 60 sec

= 0.296 milliwatt

143



Infrared and ultraviolet sensors, by their nature, do not consume
the sample gas. A total pressure sensor also does not consume gas. Thus,

there are no m_terial requirements for the Two-Gas Atmosphere Sensor. The

sensor will, however, need a continuous flow of sample gas through it so that

the 02, C02_ and H20 concentrations can be continuously monitored. In the

prototype 02 sensor a flow rate of i00 sccm gives a response time of about

3 seconds. Although the response time of the C02 section would be longer

(about 12 seconds), a flow of this order of magnitude is felt to be an

adequate atmospheric sample.

4.10 WEIGHT OF SPECIAL EQUIPMENT

In accordance with the specific contract requirement of perform-

ing a determination of the most feasible integrated system approach, the

weight of necessary support equipment for the Two-Gas Atmosphere Sensor has

been investigated.

This area provides a decided advantage for the proposed Two-Gas

Sensor system method. Essentially no sampling devices or expendable mate-

rials are required for the proper operation of the sensor.

There is no gas consumed in the measurement at all and no external

calibration supplies or absorbent materials are required for the operation of

the equipment. Deterioration or losses within the sample stream do not occur

and there is no loss of the sample gas after the analysis has been completed.

The only requirement for the proper operation of the system is a 28 volt DC

supply capable of providing approximately 4.50 watts total power on a contin-

uous basis. In addition, start-up power is not anticipated to exceed this

goal.

Because there are no wear-out components, and it is felt the high-

est reliability without plug-in units, there is no recommended spare parts in-

ventory required to accomplish the mission. The sensor will be designed to

meet the requirements of the mission without replacement of any component.

Recommendations for the preferred reference system and tentative plans for

the design, test 3 development_ and manufacture of the reference system will

be included under a separate cover as a technical and management proposal for
Phase II.
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APPENDIXA

SIGNAL PROCESSING
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APPENDIXA

SIGNAL PROCESSING

Signal processing techniques have been investigated to determine

effects of signal waveform on linearity_ and signal-to-noise ratios.

1.0 LINEARITY_ PRESENT CO 2 SENSOR

i.i BASIC BLOCK DIAGRAM T NARROW BAND SYSTEM

es Filter Detector
el Gai f =600 ---

I o

Detector

Filter

f =1200._
O

Detector

e3
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1.2 IDEAL SIGNAL WAVEFORM

The ideal waveform of the signal is shown below:*

T2

A T = 1/600 cps

IR = reference signal output

IS = CO2 signal output

The signal may be represented by the partial Fourier series:

2 (IR-I S)

es = IR kA - (IR-Is) k B _ sin kA _cos_Bt

r 21R (IR-Is)
+ L-_- sin kA_ 2 sin kB_ ] cos2wBt.

where:

mB = 2_600

TI 2

kA -
T2 3

kB

T2-TI 1
-- w

T2 3

Note: a) Harmonics above 1200 cps dropped

b) DC is removed by filtering

*Signal generated when the aperture "window" is small compared to the light

filter total width; hence output substantially independent of the chopper
position.
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Therefore:

or

2(IR-I S) sin kAn

e2 = - n _ K 1

e3 = ' IR 2

e2 = K 3 (IR-I s)

where

e 3 = OK 4 1R - C_K5 (IR-I S)

KI_ K2, K3, K4, K5 are scale factors.

-2 sin kA_ 2sin kAX

K3 = _ El.K4 - _ K2.Ks -
sin kB_

2 K2

With the gain control loop closed_ and _ = K5/K 3

K5 -_ K2 sin kBX

= 4K 1 sin kA_

and

¢ = AGC error signal = + _ K41 R - A

A
• o (_ --

K41R

e2

K3(IR-I S) A

K41 R
- K3 A <I Is

_0

as a limit

148



or
e2

-2
E1 kA Is

K I A IS

e2 - K2 <i - lq )

If the feedback is not incorporated_ the output is

K 3 A (IR-Is)

e2 =
K41R-K5(IR-I S)

-2

--n K I A (IR-Is) sin kA_

2sin kA_ K2 sin kBX

IR 2 K2(IR-I S)

-2 K I A (IR-Is) sin kA_

zK2 [IR< 2sinkA_ sin kBn2 > + sin kBX2 IS 2

1.3 PRACTICAL SIGNAL WAVEFORM

In actual practice_ the waveform takes the form shown below:*

IR

IS

IR = reference signal output

IS = CO2 signal output

*The aperture "window" width is large relative to the light filter width_ and

the output is dependent upon chopper displacement.

149



The signal maybe represented by the partial Fourier Series:

IR+IS (-IR+Is) (2) (IR+Is)
e - + cos_t + cos2wt.
s _ 2 3_

hence_

Note: a) Harmonics above 1200 cps dropped

b) DC is removed by filtering

I

e2 - 2 (IR-Is) _ KI

2

e3- 3_ (IR+Is) _K2

If the previous feedback factor is employed_ i.e._ _ = Ks/K 3. The AGC error
signal is now

2 I _ K2 sin kB_

¢ - 3_ (IR+Is) (_ K2 - __ 4 K1 sin kA_ IR-Is_ (_KI-Aas a limit_ 0

hence_

A

2 f IR+Is_ K2 + 1 K 2 sin kBX / IR-Is
K I sin kAX

I

•. e2 =

2 _i S_ i _ K2 sin kB_ _
3-_ R+I K2 + 8 K I sin kA_ IR-IS

which is a significant departure from the former case.

loop are decoupled (K5/K 3 = 0)_ this system reduces to

e2

If the signal and AGC

y _ KI K I A R-Is

/
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or
3 KI

e2 - 4_ _2 A

From these calculations_ the following observations are made:

(1) If the system feedback (kF) is incorporated to

optimize the ideal signal case operation, then_

if the signal is in the form of the non-ideal

case the calibration will shift, since both the

multiplying constants and the influence of the

signal and the reference change. Conversely_ if

the system is optimized for the non-ideal case,

kF = 0_ then if the signal is in the form of the

ideal case the calibration will shift_ for the

same reasons.

(2) The simplest expression for the output voltage is

obtained with feedback (kF = k5/k3) for the ideal

waveform case_ and without feedback (kF = O) for
the non-ideal case.

(3) Since for any one unit the waveform is essentially

constant over life_ the calibration will be essen-

tially constant once it is established.

(4) It would be highly desirable to develop a signal

processing system that undergoes only minor varia-

tion in calibration constants and curve shapes,

over a wide range of signal wave shapes.

2.0 DEMODULATION METHODS

The major objective of the demodulation system is to maximize the

signal-to-noise power ratio. It will be demonstrated for the detectors under

consideration that although the long term average noise power will be zero,

the noise at specific frequencies can produce low frequency beats that will

modulate the dc output. The S/N ratio is therefore taken as the ratio of the

dc output power to the total rms power value of the modulation terms.
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2.1 DEMODULATOR MODEL

For the purpose of this evaluation the following general model
will be employed:

Low Pass Filter

_Y z_t) "_

S(t) = signal

n(t) = noise

x(t) = demodulator waveform

y(t) = demodulator output

z(t) = low pass filter output

z(t) = x(t) H(_) E (t) + n(t)

z(t) = x(t) S(t) H(_) + x(t) n(t) H(w)

where

Basic Assumptions:

n(t)

f--_-- cos (_n t + _n) when 0 _

0_ otherwise

2
= total noise power

n

_ = noise bandwidth (w(_ > 0oD )

w = noise frequency (multivalued)n

_<
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wD = angular velocity of x(t) demodulator

wavef orm
w <<

Y mD

i for w < _yH(w)

0 for • >
Y

Note that only multiplicative demodulator systems are considered.

2.2 SYNCHRONOUS DEMODULATION OF IDEALIZED WAVEFORM (WIDE-BAND)

Let:

nlt 3

x(t) 4 _ .i-l) 2
= -- cos nl_t

n 1

nI = odd
only

2.2.1 SIGNAL

= square wave_ zero average value

S(t)
= IRk A -

2

(IR-Is)kB + --_IR 12 (sin n2
n2=I_2_3_4

kAY) (cos2n2_Dt)

hence

y(t)

2

- 7 (IR-Is) F

n2=i_2_3
f si---_nn2kB_) < c°s n2wDt)n2

x(t) S(t)
_4 n+3

= (-1)T

nl=Odd nl cos nlWDt_ _ (IRk A- (IR-Is)kB)

2

+ -- IRZ

n2=1_2_3
(_ n2kAX)(c°s n2_Dt )

W

2/ )

n2=i_2_3
(n_ n2kB_)( c°s n2_Dt_
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or
y(t) 1 = y(t)ll + y(t)12 + y(t)13

Note that:

y(t)l I is a square wave series with frequency componentsof
r_ D. Since r_0D> > _ for all integer values of n_Y

y(t)l I H(w) = 0

Y(t)12
n+3

: (-i)T

nl=Odd nl
cos nlIl_D IR E

n2=i_2,3
_sin n2 tl' n2 kAY) 6°s2n2wD

nl+3

81 R
Y(t)I2 = T _ _ (-i) 2

nl=l_ 3_5 n2=i_2_3_4 nln2

sin n2 ka_ [ cos WDt (nl+2n2)

+ cos mDt (nl-2n2) ]

where:

nI =

n 2 =

odd nos m i

even & odd nos _ i

Since:

n I + 2n 2 _ 3

cos WDt (nl + 2n2)

terms will always appear as an ac component and will be removed by the filter

H(w).
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Since:

terms will always appear as an ac componentand will be removedby the
filter H(w).

Hence;

y(t)l 2 H(_) = 0

y(t)13 =
} nl+3-8 IR-I S w = (-I) 2

2 Z Z nln2
nI n2

(cos nl_Dt ) (sin n2kB_ ) (cos n2_DDt )

-4 _IR-Is } m

2 Z

nl=Odd n2

nl+3

(-I)

nln 2
(sin n2kB_) {cos _Dt_nl-n2} ]

+ c°s __mDt _nl+n2 } ] }

Since n I + n2 _ 2 for all n, cos _D t _n I + n2 } Terms will always appear

as an ac component and will be removed by the filter H(_).

For

n I _ n2

Inl - n21 > i_

hence all cos _WDt _l-n2} ].

ter H(_).

Terms are ac_ and will be removed by the fil-
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For

n I = n2 = odd

hence_

cos _0JDt _nl-n2_ _ = cos 0 = i

nl+3

-4_ IR-Is)-_ -- oD (-i) 2
Y(t)13 - 2 E 2 sin nI kB_

nl=Odd n I

which may be evaluated for any specified kB value_ and number of harmonics n I.

or
_IR-Is ) I

Y(t)13 - 3 when kB = _ _ n I = 13.

IR-I S

.. y(t)- 3 (DC Term)

hence_

¥

2.2.2 NOISE

y(t)2 = x(t) n(t) =

2on =o

Z

_rWc_ n=odd

nl+3

oo (-i) --_ On

4 E nl cos n 0_Dt -- cos _ _n_
nl=Odd °_c_ n t +

nl+3

(-1) 2

n 1
cos [ _rboD-Wn_ t-_ ] + cos E _n_°D+C°n_ t+_n ]

Since

y(t) 2 = y(t)21

n w D + 00 > > myn

+ y(t)22

y(t)2 2 H<wy_ = 0
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2_n m
Z(t) 2 = Y(t)21 - E

/_K_ n=odd

H°wever_(n WD- w ) terms may fall within the bandpass °f the filterandn
will produce a ripple on top of the dc. The average value of the ripple will
of course be zero_ hence_

nl+3
(-1)

c°s E (nwD-_n) t - *n ]
n I

when_

nwD- m < (nm - w ) _ nwD + m
y D n y

For a unit load_ the noise power per unit of bandwidth will be:

2
40

n i
P _ Z --
n 2 2

w n=odd n
c_

Since the beats occur for frequencies above and below the basic demodulator

rate mD_ the effective bandwidth is 2w
Y

hence_

8On 2
P _ _ w
n 2 E 1_2

_a n=odd n

or_

e

n

2
9.68

n my

2 w

or_

2 my

P = .98 On --n w
a

2.2.3 SIGNAL/NOISE

The ratio of the DC signal power to the rms power of the fluctu-

ating components (beat frequencies) is therefore:

157



S
N

iR _ IS )2

32

2 _o_.__Y
0.98 Cy

n (.ocz

iR _ IS )2 w_

2
9(0.98) (7 _Y

n

R __ m

N 2 my

o-n

2.3 SAMPLING DEMODULATION OF IDEAL WAVEFORM

2.3.1 SIGNAL

I s

s(t) _--

x(t) o

l-- T _n

Let:

hence_

TI I
- k _<--

T s 3

y(t) H(_) = I k
s s

and signal power is

2 2
P = I k
S S s
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Alternatively_ the signal power can be expressed as P
if IR is taken as the reference, s

(I R - IS)2 ks2

Note that the average value of any high-frequency noise compon-
ents will be zero.

2.3.2 NOISE

Since

2 I
x(t) = k + -- _ -- (sin n k _)(cos n mDt)s _ n s

n=1_2_3

x(t) n(t) = [k s 2 _ ! °n (m )]+ _ _ i (sin n k _)(cos n mDt ) t +
n=i_2_3 n s _ cos n

y(t) 3 -

k
s °n

cos (rant + _)+--

2 On

COS (m t+n 9) _ In (sin ks _n)(c°s nDt)
n=l

y(t) 3 = y(t)31 + Y(t)32

where

k _n
S

y(t) 31 - cos

when

m = 0
n

2 2
k
s CYn

or noise power - mY
w_

when

0<m <mY
n

Since this component is not a beat product_ it can be filtered out by using a

high-pass filter prior to the sampler.

I for m _ _YH2 (w) = 0 otherwise
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This will remove the input noise, but to restore the signal level, a DC re-
storer must be used just before the sampler. If this is done then,

y (t)31 = 0

Y (t)32
n E

_ _ n= i

Since

+c°s [ (n_ + Wn) t + _ ])

nWD + W n > WD for all n

and

WD>>Wy 3

the second term may be dropped.

Hence,

y (t)32 - n
_ v/-_n= i

In [sin n ks_ ] 0os[(nwD-Wn ) t-_ ] )

when

n WD-Wy-<(n_D-Wn)< n WD + wy

these will be interfering beats.

Since the noise power is

oo

P = Y
n

n= I
l y (t) 12 per unit of bandwidth,

hence_

P
n

2 . 2
= slnn k

n s
_ 7

2 2
_ n= 1 n
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The total power is found by multiplying by the effective bandwidth 2 wy , and
multiplying by 2 to account for the noise introduced by the DC restorer.

2
4_ W ==

n y 1P - _ -- sin 2 n k
n 2 2 s

_ n= 1,2 n

The maximum value of k for the assumed waveform is 1/3 or
8

2

4 0 wyp _ n _ I 2
n 2 -_ sin n 60 °

_ n = 1,2 n

2

4 O nN wy

2

2
P _ 0.438 _ --
n -- n

( 1.o8 )

2.3.3 SIGNAL/NOISE

The ratio of the DC signal power to the rms power of the fluctua-

ting components (beat frequencies) is therefore

S
p

N
0.438 o 2 wY 9 (0.438) _ 2

n _ n '_y

where k = 1/3 to be equivalent with noise analysis.
s

Hence 3

S

N

0.254( IR-Is 7 _/_

2
w

n y
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COMPARISON OF SYNCHRONOUS AND SAMPLING DEMODULATOR

SIGNAL/NOISE RATIO,

(S/N) Sampling

(S/N) Synchronous

ks = 1/3, wideband

0.254( IR-Is)2 _X_

2

On _Y

0.114( IR-Is)2 _

2

_n wy

(S/N) Sampling

(S/N) Synchronous
0.2___5--4= 2.23 for k = 1/3
0.114 s

2.4.2 SIGNAL/NOISE RATIO,

(S/_ Sampling

(S/N)Synchronous

k = 0.156 wideband
s

2

0.25 o n wy/_

0.114_R-Is)2 _

2
c_ wy

n

0.099

0.114

(sl_ Sampling

(S/N) Synchronous
= 0.866

From the above calculations it is evident that in a sampling sys-

tem the S/N ratio is a function of the sampling duty cycle ks, and that as ks

decreases, the system becomes inferior to the synchronous system, i.e., ks

should be as large as possible.

2.4.3 S5q_MARY

AQ Synchronous System (Wideband)

a) Signal power - 9

2 w_/
b) Noise power = 0.98 o

n
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C) S/N, power
0.I14(IR-I_2 _

2

_n wy

d) System uses a broadband input amplifier:

HA (w) = 0, otherwise

e) System uses a narrowband output amplifier:

{l, 0_w_y(W) = 0, otherwise

B, Sampling System

@j2a) Signal power = R-I ks

b) Noise power

2
0.405

n
_y

Z

n = 1,2,3

n--Z sin 2 n k s

26 J2.47 k s R-I

c) S/N, power - 2 _ 1 2

n--[sin nk_
_n Wy n = I_2_3 s

d) The system uses an AC coupled amplifier:

{ i, wy < w _ a_H2 (w) = 0_ otherwise

e) The system uses a DC restorer prior to the sampler

f) The system uses a narrowband output filter

i, 0<w<wyH I (w) = 0, otherwise

C. Note that in the synchronous system a narrow band filter could

be used ahead of the demodulator to remove frequencies higher than the funda-
mental. In this case

a) Signal power narrow band =

b) Noise power

0-126 (IR-I 2

2
0.82 _n wy
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c) S/N_ power
0.154<IR-I_2 _x_

2

_n t_¥

d) S/N Sampling_ wide band_ k =
s

S/N Synchronous, narrow band

0.156 (0.156)2/ 0.25

0.154

0.099

0.154 - 0.65

Hence, the sampling system with ks = 0.156 is not as good as a

narrow band synchronous system_ when identical filters are used. If on the

other hand the bandpass Wy of the sampling system is decreased by 35%, the
systems are equivalent in S/N ratios.
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APPENDIXB

COMPUTER RAY TRACE
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COMPUTER RAY TRACE

The following computer ray trace was used to determine exit slit

image quality, internal image quality, extreme ray traces, and intensity dis-

tribution for the optics used in the ultraviolet and infrared subsystems of

the two-gas atmosphere sensor. A representative computer run is provided for

the ultraviolet system showing the vertical rays emanating from the top left
of the entrance slit.
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-i. 170855E-02

-3 .355395E-03

-I. 14422 IE-02

-1.377024E-02

-1.277381E-02

-3.765391E-03

-I.031298E-02

- 1.216 I06E-02

-I.166591E-02

-9 .173959E-03

-I .1244 IOE- 02

-8.573454E-03

-I. 163316E-02

-1.579017E-04

-3.066397E-03

-2.294224E-03

-1.295615E-03

-5.0905 liE-04

-I .389208E-04

-2.924706E-03

-2.722757E-03

-I .888828E-03

-I.027872E-03

-4.63236iE-04

-2.784877E-03

-2.387935E-03

-1.616997E-03

-9.451417E-04

-6.049180E-04

-2.553857E-03

-2 .I18636E-03

-1.485680E-03

-I.019230E-03

-2.296262E-03

-1.925310E-03

-1.464647E-03

-i .187540E-03

-1.822959E-03

-2.025904E-03

-I .775522E-03

-1.484304E-03

-1.459438E-03

-I .708198E- 03

-1.592103E -03

-1.427644E-03

-1.258747E-03

-1.246586E-03

-5.384941E-04

-5.500173E-04

1.935171E-03

6.961582E-02

3.876205E-02

1.84543IE-02

6.688987E-03

1.953290E-03

9.36712IE-02

5.658455E-02

3.099096E-02

1.495303E-02

6.708006E-03

7.976827E-02

4.820930E-02

2.721328E-02

1.495084E-02

9 .996361E-03

7.072740E-02

4.408197E-02

2.716333E-02

1.838458E-02

6.619545E-02

4.395110E-02

3.07719iE-02

2.539520E-02

9.406097E-02

6.594180E-02

4.773933E-02

3.815798E-02

9.363346E-02

6.987906E-02

5.553469E-02

4.959689E-02

7.805476E-02

6.755599E-02

9.061527E-02

8.408964E-02
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Figures for Computer to Determine Exit Slit Image Quality

0 2 Ultraviolet System
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.510ram .550ram .510ram

Exit Slit(Image)

Image quality

.500mm .500mm

J
•500mm

Entrance Slit (Object)

Exit Slit (1470A)
I I

o

Exit Slit (1750A)

Slit Spacin_ _ I

L
4.1ram

Dispersion

at Exit Slit = 20.3mm . __-f5.4ram

1750A 1470A Order

0 2 - UV System Images and Dispersion from Computer Ray Trace
( RPC-4000 Computer )
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Computer Input:

L = 0.110018E

H = 0.500000E
Y

H z = 0.127000E

O. 5_

80 Total Rays Traced I

I Lens

Ray trace from extreme top left of object

(infrared source), for computer to deter-

mine final image quality.

Third Point

CO 2 Infrared System

Computer Input:

L = 0.11001BE

B = 0.500000E
Y

Hz = 0.O00000E

O. 5ram

80 Total Rays Traced

Lens

System

/

llmm

Ray trace from center top of object (infrared

source), for computer to determine final image

quality.

Fourth Point

CO 2 Infrared System
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Computer Input:

L = 0.110018E

H = O.O00000E
Y

H z = 0.O00000E

39 Total Rays Traced

Lens

System

Ray trace from center of object (Infrared

Source)_ for computer to determine final

image quality.

First Point

CO 2 Infrared System

Computer Input:

L = 0.110018E

H = 0.O00000E
Y

H z = 0.127000E

80 Total Rays Traced

Lens m

Ray trace from extreme left of object

(infrared source) on axis, for computer

to determine final image quality.

Second Point

CO 2 Infrared System
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Computer Input :

L = O.IIO018E

H = O.O00000E
Y

H z = 0.127000E

80 Total Rays Traced

Lens

System

/

Ray trace from extreme right of object

(infrared source) on axis 2 for 'computer

to determine final image quality.

Fifth Point

CO 2 Infrared System

Computer Input :

L = 0.110018E

H = 0.500000E
Y

H = 0°12700OE
z

80 Total Rays Traced

Ray trace from extreme top right of object

(infrared source)_ for computer to deter-

mine final image quality.

Sixth Point

CO 2 Infrared System
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Six object points surmnarized.

(SDS 920 Computer)
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at Detector
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Millimeters From Optical Axis

Spot Diagram - Intensity Distribution

From Computer Ray Trace

CO 2 Infrared System
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at Chopper Position

• °# •.•o • _" •

.37mm----_
Max.

1.08 mm Max. I

CO 2 Infrared System_ Extreme-Ray Trace
from Computer Ray Trace
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APPENDIXC

TRANSMISSION AND ABSORPTION MEASUREMENTS

When the absorption of a parallel beam of monochromatic radiation

is proportional to the radiant power or flux and to the mass of homogeneous

and isotropic matter intersected 3 the transmittance may be described by Beer's
Law as

or

I - 10 -A (1)T - I
o

I -kdc
T- - e (2)

I
o

where

o

A

k =

d =

C ----

transmittance; dimensionless

radiant power transmitted through the sample;

Wat__t or quanta
2

m sec

radiant power incident on the sample;

Watt

2
m

absorbance; dimensionless

-I
absorption coefficient; cm

sample path length; cm

mass fractional concentration of sample;

dimensionless (if the concentration is

expressed as fractional molar or volumetric

ratio the symbol k should be replaced by e
the molar extinction coefficient or molar

absorptivity)

naperian base = 2.71828...
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The absorbance A (sometimes referred to as extinction or optical
density coefficient) maybe expressed as

A = Aw +d [KI +C (K - KI) ] (3)

where

A

w
absorbance of the windows and reflections from

four surfaces.

-i
absorptivity of the solvent; cm

If reflections are ignored 3 and the solvent is considered to be

non-absorbent in the spectral region of interest_ (3) reduces to

A = Kdc (4)

and (i) takes on a similar form to (2):

-kdc
T = e (2)

T = i0-Kdc (5)

Equating (2) and (5):

T = lo-Kdc = e-kdc

I i

i - I

i 1
- = 0.434

In (i0) 2.303

K = 0.434k (6)

The relationship between K and T are shown in Perkin-Elmer's Pre-

cision Table on the following page_ which is provided with the Model 350 and
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PRECISION TABLE

for conversion of Absorbance 1o Transmittance

and Transmittance to Absorbance (symbols T & A).

For eal_d quantitative analysis with the
PERKIN-ELMERe

Model 350 and Model 202 5peclrophotometers

T A T A T A T A T A T A

1.000 0.000 .485 0.314 .308 0.511 .191 0.719 .128 0.893 .064 1.194
,990 0.004 .480 0.319 .306 0.514 .190 0.721 .127 0.896 .063 1.201
,_80 0.009 .475 0,323 .304 0.517 .189 0.724 .126 0.900 .062 1.208
.970 0.013 .470 0.328 .302 0.520 .188 0.726 .125 0.903 .061 1.215
.960 0.011t .465 0.333 .300 0,523 .187 0.728 .124 0,907 .060 1,222
.950 0.022 .460 0.337 .298 0.526 .186 0.731 .123 0.910 .059 i.229
.940 0.027 .455 0.342 .296 0.529 .185 0.733 .122 0.914 .058 1.237
.930 0.032 .450 0.347 .294 0.532 .184 0.735 .121 0.917 .057 1.244
.920 0.036 .445 0.352 .292 0.535 .183 0.738 .120 0.921 .056 1.252
.910 0.041 ,440 0,357 ,290 0.538 ,182 0.740 ,119 0.925 .055 1,260
.900 0.046 .435 0.362 .288 0.541 .181 0.742 .I 18 0.928 .054 1.268
.890 0.051 .430 0.367 .286 d, 0.544 .180 0.745 .117 0.932 .053 1.276
.880 0.056 .425 0.372 .284 ._.547 .179 0.747 .116 0.936 .052 1.284
.870 0.061 .420 0.377 .282 3.55D .178 0.750 .115 0.939 .051 1.292

,.._,_860 0.066 .415 0.38? .280 0.5._2 .177 0_752 -114 0.943 .0_ 1_301
.850- 0.071 .410 0.387 .278 0.556 .176 0.755 .113 0.947 .049 1.3 10
.840 0.076 .405 0.393 .276 0.559 .175 0.757 .112 0.951 .048 1.319
.830 0.081 .400 0.398 .274 0.562 .174 0.760 .111 0.955 .047 1.328
.820 0.086 .398 0.400 .272 0.565 .173 0.762 .110 0.959 .046 1.337
,810 0.092 .396 0.402 .270 0.569 .172 0.765 .109 0.963 .045 1_347
.800 0.097 .394 0.405 .268 0.572 .171 0.767 .108 0.967 .044 1.357
.790 O.102 .392 0.407 .266 0.575 .170 0.770 .107 0.9 71 .043 1.367
.780 0.108 .390 0.409 .264 0.578 .169 0.772 .106 0.975 .042 1377
.770 0.114 .388 0.411 .262 0.582 .168 0.775 .105 0.979 .041 1.387
.760 0.119 .386 0.413 -760 0,585 ,167 0,777 ,I04 0.983 .040 1.398
.750 0.125 .384 0.416 .258 0.588 .166 0.780 .103 0.987 .039 i.409
.740 0.131 .382 0.418 .256 0.592 .165 0.783 .102 0.991 .038 1.420
.730 0.137 .380 0.420 .254 0.595 .164 0.785 .101 0.996 .037 1.432
.720 0.143 .378 0.423 .252 0.599 .163 0.788 .100 1.000 .036 1.444
.710 0.149 ,376 0,425 .250 0.602 ,162 0,79i ,099 1,004 .035 1.456
.700 0.155 .374 0.427 .248 0.606 .161 0.793 .098 1.009 .034 1.469
.690 O.161 .372 0.430 .246 0.609 .160 0.796 .097 1.013 .033 1.4 82
.680 0.168 .370 0.432 .244 0.613 .159 0.799 .096 1.018 .032 1.495
.670 0.174 .368 0,434 .242 0.616 .158 0.801 .095 1,022 .031 1.509
,660 O_1FI1 ,366 0.437 .240 0,670. .157 0 804 .074 1 _0?7 .03(1 1__')_
.650 0.187 .364 0.439 .238 0.623 .156 0.807 .093 1.032 .029 1.538
.640 0.194 .362 0.441 .236 0.627 .155 0.810 .092 1.036 .028 1.552
.630 0.201 .360 0.444 .234 0.631 .154 0.813 .091 1.041 .027 1.569
.620 0.208 .358 0.446 .232 0.635 .153 0.815 .090 1.046 .026 1.585
.610 0.215 ,356 0,449 .730 0.638 .152 0.818 .089 1.051 .025 1_602
.600 0.222 .354 0.451 .228 0.642 .151 0.821 .088 1.056 .024 1.620
.595 0.226 .352 0.454 .226 0.646 .150 0.824 .087 !.061 .023 1.638
.590 0.229 .350 0.456 .224 0.650 .149 0.827 .086 1.066 .022 1.658
.585 0.233 .348 0.458 .222 0.654 .148 0.830 .085 1.071 .021 1.678
,S,qO 0.237 ,346 0,461 ,720 0,658 .147 0.833 .084 1.076 .020 1.699
.575 0.2-:0 .344 0.463 .218 0.662 .146 0.836 .083 1.081 .019 1.722
.570 0.244 .342 0.466 .216 0.666 .145 0.839 .082 1.086 .018 1.745
.565 0.248 .340 0.469 .214 0.670 .144 0.842 .O81 1.092 .017 1.770
.560 0.252 .338 0.471 .212 0.674 .143 0.845 .080 1.097 .016 1.796
.555 0.75,_ .336 04._774 .710 0.678 .142 0.848 .079 1.102 .015 1-824
.550 0.260 .334 0.477 .208 0.682 .141 0.851 .078 1.108 .014 1.854
.545 0.264 .332 0.480 .206 0.686 .140 0.854 .077 1.1 14 .013 1.886
.540 0.268 .330 0.482 .204 0.690 .139 0.857 .076 1.119 .012 1.921
.535 0.272 .328 0.484 .202 0.695 .138 0.860 .075 1.125 .011 1.959
530 0.276 ._,._326_ 0.487 .200 0.699 .137 0.863 .074 1.131 .010 2.00

.525 _.28-'0-- .324" 0.490 .199 0.701 .136 0.867 .073 i.137 .009 2.05

.520 0.284 .322 0.492 .198 0.703 .135 0.870 .072 1.143 .008 2.10

.515 0.288 .320 0.495 .197 0.706 .134 0.873 .071 1.149 .007 2.15

.510 0.292 .318 0.498 .196 0.708 .133 0.876 .070 1.155 .006 2.22
__.505 0.297 .316 0.500 .195 0.710 .132 0.879 .069 116t .005 2_30

.500 0.301 .314 0.503 .194 0.712 .131 0.883 .068 1.168 .004 2.40

.495 0.305 .312 0.506 .193 0.714 .130 0.886 .067 1.174 .003 2.52

.490 0.310 .310 0.509 .192 0.717 .129 0.889 .066 1.181 .002 2.70
.065 1.187 .001 3.00
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Model 202 Spectrophotometers. The value of k is most often given in the lit-

erature rather than values for K.

It is well known that the optimum analytical precision in absorp-

tion spectroscopy is often obtained with a transmittance of 36.8_. This can

be shown by assuming the conditions for (5)

T = 10-Kdc

and observing that the fractional error in C is

_C 0.434 AT

C T log T
(7)

This error varies with sample thickness and has a minimum when

-6- -- o (8)

which is when

Kdc = 0.434 (9)

I
or T - - 36.870.

e
From (8) it can be seen that the minimum error is

AC
_--= -e (AT) = -2.718 (AT) (I0)

which indicates that a 17o error in transmittance will cause a 2.7% error in

concentration.

The "transmittance ratio method" uses a standard preparation of a

known concentration of the sample in the reference beam. This reduces the
error to

e ) (n)AC __> A _iRefC - - < i0A

or if both the reference and sample paths are set for A = 0.434_ the error
in concentration is

C - - A I Ref

181



which is lower by a factor e than the error produced from a non-absorbing

reference beam shown in (I0).

It may be assumed that for chopped beams which are compared on a

single detector, the error in transmittance is independent of the source and

that changes in the sample beam transmission are independent of the level of
the transmission.

Background such as stray light or other unwanted radiation may

also be present and may characteristically be independent of both the sample

concentration or path length. Denoting this radiation power as Ig_ and assum-

ing no window or cell errors with a transparent reference media_ Beer's Law
(i) becomes :

(I - Ig) = (I° Ig) i0 -Kcd (13)

which is often called "base line" method. The coefficient of variation of the

absorbance is a minimum when

I f
T - = 0.368 t I + 1.718 ) (14)I __ I

O O

and increases from the minimum of 36.8% as the penetrating background increases.

Noise considerations may affect the absorbance level depending on

whether Johnson noise (Thermal Detector) or shot noise (Photoemissive Detector)

predominates in the detector circuit of the instrument. Neglecting other

errors, the optimum condition for Johnson noise is

A = 0.434; T = 36.8% (15)

and for shot noise

i

A = 0.868; T - 2 - 13.5% (16)
e

It may be noted that Johnson noise error varies inversely with the

square of the slit-width 3 and the resolution decreases directly as the slit-

width_ it is advantageous to use a large slit. Shot noise_ however_ is approx-
imately independent of slit width.

If the radiant power is of sufficient intensity to make the detec-

tor response non-linear there are three possible courses of action:
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I) Calibrate the non-linear response;

2) Reducethe power with collimator slits;

3) Increase the sample thickness.

If I max is the maximumpermissible radiant power determined by a
linear detector response with the minimumexpected concentration_ (i) becomes

I - I0 -A (17)T - I max

and (17) optimizes for concentration sensitivity whenA = 0.434. However3
the transmittance for normal samplesmay be very much less than 36.8%. There
is not optimum sample thickness_ but the path length d should be increased to
keep the radiant power transmitted through the reference or sample just below
I max.

Since experimental measurementsare of reflection as well as ab-
sorption losses it is useful to review the reflection properties of materials.
Reflection and absorption are independent properties and maybe separately
treated. If the index of refraction n of a given wavelength is sufficiently
high_ the refle_tivity of a single plane surface is the major loss and can be
determined from

r = (n- 1)2

(n + 1)2
(18)

and the transmission_ assuming no absorption_ of a plane parallel window is

2n
t = 2 (19)

n + I

I °

from which the "equivalent reflectivity"_ r is

I (n - l) 2
r = I - t = 2 (20)

n +I

(It should be noted that r I is not twice r from (18) due to multiple reflec-

tions.) Combining the reflection losses with (2) results in a general ex-

pression for

Optical Calculations_ Optovac 3 Inc._ Bulletin No. 50_ January_ 1964
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I (I - r) 2 e-kdc
T - I = 2 -kdc (21)

o l-r e

With no absorption, kdc small or zero, (21) reduces to (19). If the index is

less than n = 2, the term r2 e-2kdc can be neglected with resultant total

errors in transmission of less than I%. For this case, Equation (21) may be
written as

I -kdc
T - I = (i - r) 2 e (22)

O

This is equivalent to

-_c -kdc 2 -kdc
T = e -2r e + r e (23)

where the first term is the absorption with no reflection losses, the second
term is the reflection losses if it is assumed this is twice the loss from the

first surface. The third term may be neglected due to the r2 term if n is

less than 2.0. (22) then reduces to

-kdc
T = (I - 2r) e (24)

and the total reflection of a plane parallel plate is

rT = 2r = 2 (n - I) 2

(n + 1) 2
(25)
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Beer's Law is essentially symmetrical in path length d, and con-
centration C, so the requirement of (9) can be met by an adjustment of either.
In the case of a gas, the partial pressure maybe varied to achieve this con-
dition. In the determination of the concentration of trace constituents, the
only recourse is to use a long cell. A plot of (7) shows a rather flat mini-
mumerror region between 25%and 507_so that the accurate adjustment to 36.8%
is of little value.

ERROR

(?o)

I0

6

4

20 40 60 80 i00

TRANSMITTANCE (7°)

Error in the absorbance as given in equation (7)

for 17o error in the transmittance.
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APPENDIXD

TEST REPORTS

LIMITED-ROTATION MOTOR
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VIBRATION TEST REPORT ON

LIMITED ROTATION MOTOR

I.0 PURPOSE

I.i To check the Limited Rotation Motor shaft position before and after

applied vibration levels up to 21.2 G throughout the frequency range of 20

to 2000 cps.

2.0 S_Y

2.1 The Limited Rotation Motor shaft did not indicate any significant

change in position when subjected to vibration levels up to 21.2 _ (20 to

2000 cps) in the vertical and minor horizontal axes. There was no significant

shift in position of the Limited Rotation Motor shaft when subjected to vibra-

tion levels up to I0 Gp (20 to 500 cps) and 5 Gp from 20 to 2000 cps in the
major horizontal axis.

3.0 PROCEDURE

3.1 Vertical Axis

3.1.1 The test specimen was mounted on the head of an electrodynamic vibra-

tion machine with its vertical axis parallel to the direction of applied

vibration. The axes of the test specimen are defined by Figure i. The

alignment of the mirror mounted on the shaft was checked as shown by Fig-

ure 2 using a laser light source. The location of the reflection to the tar-

get was marked. The distance from the mirror mounted on the test specimen

shaft to the target was approximately ten feet.

3.1.2 The test specimen was then operated with pulsed DC and the travel of

the reflected spot on the target was noted.

3.1.3 The test specimen was de-energized and the following vibration levels

were applied using a sweep rate of 100°/minute.

a) 20 to 2000 cps I G
P

b) 20 to 2000 cps 5 G
P

c) 20 to 2000 cps i0 G
P

d) 20 to 2000 cps 15 G
P
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3.1.4 The test specimenwas then cycled from 20 to 2000 cps at 40°/minute
at the following levels:

20 to 40 cps

40 to 2000 cps
0.25 in. double amplitude

21.2 G
P

3.1.5 During each level of applied vibration_ the reflected spot motion on
the target was noted.

3.1.6 At the completion of each level of applied vibration_ the reflected
spot location on the target was checked for any changes more than ± 1/4 inch
from the pretest location.

3.1.7 After completion of the maximumapplied vibration level detailed by
Paragraph 3.1.4_ the test specimenwas operated with pulsed DC and the re-
flected spot travel on the target was comparedwith the spot travel prior to
vibration.

3.2 Minor Horizontal Axis

3.2.1 The test specimen was rotated 90 degrees so that its minor horizontal

axis was parallel to the direction of applied vibration.

3.2.2 The tests detailed in Paragraph 3.1.1 through 3.1.7 were repeated in

the minor horizontal axis.

3.3 Major Horizontal Axis

3.3.1 The test specimen was rotated 90 degrees so that its major horizontal

axis was parallel to the direction of applied vibration. This required mount-

ing the test specimen on the slip plate of a slip table assembly. This_ in

turn_ reduced the distance of the test specimen mirror-target distance to

approximately five feet. Vibration was perpendicular to the silvered surface

of the test specimen mirror.

3.3.2 The tests detailed by Paragraph 3.1.1 through 3.1.7 were repeated

along the major horizontal axis of the test specimen except for the vibration

levels. The vibration levels used were as detailed below:

a) 20 to 2000 cps 1 G
P

b) 20 to 2000 cps 5 G
P

c) 30 to 400 cps i0 G
P

d) 30 to 700 cps 7.5 G
P
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4.0 RESULTS

4.1 There was no significant change (less than 1/4 inch) in the reflected

spot location on the target as a result of the applied vibration tests.

4.2 The test specimen operated satisfactorily after completion of each axis
of vibration.

4.3 During the vibration tests there was some transient motion of the re-

flected spot on the target. A summary of this information is presented below

for the highest vibration levels.

AXIS

Vertical

Vertical

Vertical

Minor Horizontal

Major Horizontal

FREQUENCY

530 to 650 cps

I000 cps

1600 to 1700 cps

20 to 300 cps

350 to 700 cps

700 to 1200 cps

1800 cps

60 to 90 cps

300 to 450 cps

I000 cps

NOTES

Slight vertical spot motion

Slight vertical spot motion

Slight horizontal spot motion

Vertical spot motion peaked at

120 cps with a 5 inch travel

Diagonal spot motion peaked at

450 cps with a narrow ellipse,

3 inches in length

Diagonal spot motion peaked at

900 cps with a 5 inch travel

Vertical spot motion, 2 inches high

Approximately one inch vertical

spot motion

Approximately three inch horizontal

spot motion at 375 cps

Approximately one inch diagonal

spot motion

5.0 CONCLUSIONS

5.1 The tests performed on the Limited Rotation Motor do not give complete

assurance that the assembly will withstand 15 G rms white random vibration

throughout the frequency range of 20 to 2000 cps. There is no conversion

method that converts random test parameters to sine wave testing that will

give a completely equal test by means of sine wave testing. In many cases,

the conventional method of converting random parameters to sine parameters

results in considerable over testing of the test specimen. In other cases,

the sine testing will not indicate a failure whereas a random test will set

up a condition within the test specimen that will cause failure.
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5.2 The reduced vibration levels in the major horizontal axis were due to
the relatively large size and weight of the slip plate and the relatively
low force rating of the shaker system.
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Figure i. Test Specimen Orientation During Vibration
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Figure 2. Shaft Alignment Checkout
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APPENDIX E

TYPICAL FLIGHT QUALIFICATION

TEST PLAN

(Perkin-Elmer Engineering

Report No. 8260)
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I. PURPOSE

i.I This document defines typical recommended tests which could be per-

formed on the Perkin-Elmer two-gas atmosphere sensor system. Successful com-

pletion of this type of test will qualify the system for use on Apollo type

programs for use in the environmental control subsystem.

2. APPLICABLE DOCUMENTS

2.1 The following documents form a part of this test plan to the extent

specified herein:

2.1.1 NASA Documents

CSD-A-061

2.1.2

CSD-A-072

MSFC-SPEC 279

Qualification Test Plan - Apollo

CO 2 Sensor

Qualification Test Procedure - Apollo

CO 2 Sensor

Electromagnetic Compatibility

North American Aviation Documents

MC999-0002B Electromagnetic Interference Control for

the Apollo Space System

2.1.3 GrummanAircraft En_ineerin_ Corporation Documents

LSP-530-001-1 Electromagnetic Interference_ General

Specification for

2.1.4 Standards

MIL-STD- 810 Environmental Test Methods for Aerospace

and Ground Equipment

2.1.5 Perkin-Elmer Documents

Acceptance Test Plan - To be prepared at a later date.

2.2 Precedence: When the requirements of this document and those refer-

enced herein are at variance, the requirements of this document shall govern.

3. REQUIREMENTS

3.1 Test Facilities and Equipment: Unless otherwise specified herein_

the Perkin-Elmer Corporation or their subcontractors shall be responsible

for providing the material_ equipment_ and facilities required for performing
tests in accordance with this document.
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3.2 Classification of Tests: The tests mentioned herein can be classi-

fied into the following categories.

a. Performance Record Test

b. Functional Test

c. Environmental Tests

(I) Phase I - Design Proof

(2) Phase II - Overstress

(3) Phase III - Mission Life

3.2.1 Performance Record Test: The performance record tests are

conducted to provide assurance that the product still performs in accordance

with the procurement specification as verified during the acceptance tests.

This test also provides reference data for comparison with test results dur-

ing the qualification test program. Included in this test are a housing leak

test s a power consumption measurement for input voltages between 20 and 32 VDC s
and an instrument calibration under the following conditions:

a. Input Voltage - 28 ± i VDC

b. Pressure (external) - 30 ± 2 inches of Hg

c. Temperature - 70 ± IO°F

d. Humidity - less than 90 percent

e. Sample (Simulated Cabin Atmosphere)

Total Pressure

02 Partial Pressure

N 2 Partial Pressure

CO 2 Partial Pressure

H20 Partial Pressure

362 ± ii mm Hg

181 ± 5.5 mm Hg

Diluent to Provide Total Pr.

< 7.6 mmHg

5 to 16.5 mm Hg

The calibration curves obtained must be within two percent of that

obtained during acceptance tests. All data will be recorded on a Performance

Test Data Sheet similar to the sample form presented in Figure i.

3.2.2 Functional Test: A functional test s consisting of a housing

leak check and a single point calibration check s is performed both prior to

and following selected environmental tests. This is to verify that the sys-

tem sensor housing seals are still intact and that the sensor is still operat-

ing in accordance with the calibration curves obtained in the performance

record test. All data will be recorded on a Functional Test Data Sheet similar

to the sample form presented in Figure 2.

3.2.3 Environmental Tests

3.2.3.1 Phase I - Design Proof: These tests are used to

demonstrate the strength characteristics of the sensor s and include climatic

environments s electromagnetic interference s explosion proofing s prelaunch
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environments, and sequentially applied maximummission environments. The
sequentially applied mission environments extend to the upper design limits
on the sensor and are designed to verify the ability of the product to with-
stand the maximumenvironmental and performance stresses expected during a
lunar mission. The detailed Phase I test requirements are described in
Section 4.2 of this document, and are performed on two sensor systems.

3.2.3.2 Phase II - Overstress: The overstress tests are

designed to determine failure modes and actual design margins and to provide

data for additional confidence. The qualification of the sensor is not con-

tingent on the satisfactory operation of the sensor during and following these

tests_ but only on the performance of these tests. The detailed Phase II test

requirements are described in Section 4.3 of this documentj and are performed

on the two Phase I sensors after completion of the Phase I tests.

3.2.3.3 Phase III - Mission Life: The mission life test

simulates the test and environments to which the sensor is subjected from

initial ground checkout through re-entry and is designed to verify the oper-

ational life characteristics of the sensor under these conditions. The test

consists of one ground operational cycle and two subsequent mission cycles

at nominal levels. The qualification of the sensor is contingent on the

satisfactory operation of the sensor after completion of the first mission

cycle and the vibration temperature and acceleration tests on the second cycle.

The detailed Phase III requirements are described in Section 4.4 of this docu-

ment, and are performed on a single sensor system.

3.3 Condition of Test

3.3.1 Test Facilities: The tests herein described shall be per-

formed at Perkin-Elmer or at laboratories that demonstrate competence to pro-

vide and maintain the required test conditions and have received facilities

approval from the DOD_ Perkin-Elmer_ or NASA-LRC or their approved agent.

3.3.2 Test Equipment: The equipment used to perform the tests

herein described shall have been approved by Perkin-Elmer and NASA prior to

its use. A preliminary test equipment list is presented in Figure 4.

3.3.3 Calibration: All measurements shall be made with instruments

whose accuracy has been verified. Accuracy shall be maintained by periodic

calibration to acceptable standards. If doubt exists about the accuracy of

an instrument, then verification maybe requested.

3.3.4 Personnel: The tests herein specified shall be performed

only by persons qualified by special training or technical ability.

3.3.5 Position During Test: Unless otherwise specified in the spe-

cific test procedure_ the test specimen shall maintain its normal use attitude

during the test.
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3.3.6 Order of Test: The tests herein specified shall be conducted

in the order presented in Section 4, of this specification. This sequence

of testing maybe changed by Perkin-Elmer with approval by NASA-LRC when

necessary to expedite the testing program.

3.3.7 Tolerances: Unless otherwise specified, the maximum toler-

ances on test conditions shall be as specified in MIL-STD-810. The test

durations specified in the detailed procedures are the minimum acceptable

unless otherwise specified.

3.3.8 Environmental Test Records : A detailed test log will be main-

tained during the qualification test program. All environmental test data

will be recorded on a form similar to the sample Environmental Test Data

Sheet indicated in Figure 3.

3.4 Test Prosram Administration

3.4.1 Test Surveillance

3.4.1.1 Test Notification: NASA shall be notified no later

than 48 hours before start of initial qualification testing.

3.4.1.2 Witnessing of Tests: All tests shall be witnessed

by a Perkin-Elmer representative who will be responsible for the manner in

which it is conducted and by an authorized Government representative, who may

witness by surveillance. The signatures of these witnesses are required on

all test report data sheets and shall constitute certification that the test

data has been correctly reported. The tests may be witnessed by a represen-

tative of NASA-LRC, however, his signature is not required.

3.4.2 Deviations or Variations: Any deviations or variations from

this document shall be approved by Perkin-Elmer and NASA. Approved changes

shall be issued in the form of a change notice or revision to this plan.

3.4.3 Test Reports

3.4.3.1 Failure Reports: In the event that any malfunction

is indicated during testing, the test may be stopped at the discretion of the

Perkin-Elmer representative. Variations of operational and performance char-

acteristics outside the limits of the procurement specification are reason to

consider the equipment as having failed the test.

In the event of any malfunction or failure during the qualifica-

tion test program, NASA-LRC shall be verbally notified within 24 hours after

report of failure, followed by a written notification within one week. Both

communications shall include the following information pertinent to the mal-

function or failure:
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a. Part Numberand Serial Number
b. Total Operating Time on the Equipment
c. Causeof Failure (if known)
d. Environment Conditions
e. Any other failures which have occurred on

this equipment
f. Any other conditions that are considered

pertinent to the malfunction or failure
g. Recommendedplan of action

In addition, Perkin-Elmer shall conduct a failure analysis to
determine the cause of failure and to recommendproper corrective action.
Where the nature of the failure is readily apparent and the corrective action
clearly indicated, then this action will be taken upon mutual agreementbe-
tween Perkin-Elmer and NASA-LRCto avoid unnecessary delays in the test pro-
gram. NASAwill be notified of the status of any failure analysis action and
a report will be sent to NASAwithin fifteen (15) days. A corrective action
and close-out report shall be submitted to NASA-LRCwithin thirty (30) days.

3.3.2 Final Test Report: A final test report shall be issued for

the qualification tests described herein. The report shall contain the re-

suits of all tests described in Section 4 of this document.

3.4 Test Procedure: The tests specified in this document shall be per-

formed in accordance with Qualification Test Procedure which will be prepared

by Perkin-Elmer during the design phase of the program.

4. QUALITY ASSURANCE PROVISIONS

4.1 General - The test program presented in Section 4 is patterned after

the NASA-MSD documents referenced in paragraph 2.1.1 of this document which

were generated for the Apollo CO 2 Sensor Program. These documents indicate

a philosophy and establish preliminary environmental test limits that seem

reasonable for this program. As additional flight profile data is made avail-

able by NASA-LRC to Perkin-Elmer for use on the Two-Gas Atmosphere Sensor

System, the qualification test plan will be revised accordingly.

4.2 Phase I - Design Proof

4.2.1 Test Specimens: The Phase I tests shall be performed on

Perkin-Elmer sensors which have satisfactorily passed the acceptance tests.

The specimens shall be identified by part name, part number_ and serial number.

4.2.2 Specific Tests

4.2.2.1 Performance Record Test: Prior to conducting the en-

vironmental tests, the performance record test of Paragraph 3.2.1 of this test

plan shall be performed on each sensor system.
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4.2.2.2 Oxidation: The test specimens shall be subjected to

a four hour exposure to the following environment, both internal and external:

a. Oxygen Content - 95 percent minimum
b. Pressure - Room Ambient

c. Temperature - 70 ±IO°F

The sensors shall be purged continuously during this test with

calibration gasses and the sensor outputs monitored to verify that the sensors

are still functioning in accordance with the calibration curves obtained in

Paragraph 4.2.2.1. At the conclusion of the test, the sensors shall be re-

moved from the test chamber and the functional test of Paragraph 3.2.2 per-
formed on each.

4.2.2.3 Temperature: The test specimens shall be subjected

to a low and high ambient temperature condition. The time-temperature se-

quence shall be as follows:

Test Chamber Temperature Exposure Time

Nominal 75°F 15 minutes

Minimum 0°F 120 minutes

Nominal 75°F 15 minutes

Maximum 160°F 120 minutes

Nominal 75°F 15 minutes

The sensors shall be purged continuously during this test with

calibration gasses and the sensor outputs monitored to verify that the sensors

are still functioning in accordance with the requirements of the procurement

specification and the calibration curves obtained in Paragraph 4.2.2.1. At

the conclusion of this test, the sensors shall be removed from the test cham-

ber and the functional test of Paragraph 3.2.2 performed on each.

4.2.2.4 Vibration: The test specimens shall be subjected to

the following vibration environment imposed along each of three mutually per-

pendicular axes:

Random

5 to 85 cps - Constant at 0.069 g2/cps

85 to I000 c_s - Linear increase (log by log plot)
from 0.069 gZ/cps to 0.133 g2/cps

i000 to 2000 cps - Linear decrease (log by log plot)

from 0.133 to 0.069 g2/cps
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Sinusoidal

5 to 16 cps - 0.23 inch D.A.

16 to 90 cps - 2.875 g

90 to 140 cps - 0.0069 inch D.A.

140 to 350 cps - 6.9 g

350 to 500 cps - 0.001 inch D.A.

500 to 2000 cps - 12.7 g

Test time per axis shall be 40 minutes random with a sweeping

sinusoidal vibration super-imposed during the first five minutes. The sinu-

soidal cycling rate shall be 0.58 minute/octave. The sensors shall be purged

continuously during this test with a calibration gas and the sensor outputs

monitored. At the conclusion of the test_ the sensors shall be removed from

the test fixture and the functional test of Paragraph 3.2.2 performed on each.

4.2.2.5 Acceleration: The test specimens shall be subjected

to an acceleration environment of 20 g imposed in two directions ( + and - )
along each of three mutually perpendicular axes. The test time shall be five

minutes for each direction of acceleration in each axis. The sensors shall be

purged continuously during this test with a calibration gas and the sensor

outputs monitored. At the conclusion of the test_ the sensors shall be re-

moved from the test fixture and the functional test of Paragraph 3.2.2 per-
formed on each.

4.2.2.6 Acoustic Noise: The test specimen shall be subjected

to the following sound pressure levels (REF 0.0002 dynes/cm2):

Octave Band

Frequency cps

Condition A

db Level (minimum)

Condition B

db Level (minimum)

37.5 - 75 133 134

75 - 150 131 134

150 - 300 127 131

300 - 600 122 129

600 - 1200 116 130

1200 - 2400 109 129

2400 - 4800 i01 126

4800 - 9600 95 122

Overall 136 +I0_ -0 141 +i0_ -0
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The sensor shall be exposed to Condition A for five minutes and

to Condition B for five minutes. The sensor shall be purged continuously

with calibration gasses during this test and the sensor outputs monitored.

At the conclusion of the test_ the sensor shall be removed from the acoustic

chamber and the functional tests of Paragraph 3.2.2 performed on each.

4.2.2.7 Ignition Proof: The test specimen shall be subjected

to the explosion tests of MIL-STD-8103 Method 511_ Procedure I. The functional

test of Paragraph 3.2.2 is not required following this ignition proof test.

4.2.2.8 Electromagnetic Interference: The test specimen shall

be tested in accordance with Specification MC999-0002B except as follows:

a. Circuit Classification - "H" Analog: Those circuits in the

DC and AF range whose function is to transmit data from source to load by grad-

ual voltage change.

b. Figure 13 of MC999-O002B shall be modified as shown in

Figure 5 of this test plan.

c. Magnetic Field Susceptibility: Shall be in accordance with

Paragraph 4.2.1.10 of M_FC - SPEC 279.

d. RF 3 Induced_ Cases_ and Cables: Shall be in accordance

with Paragraph 3.4.5 of Specification LSP-530-001 with Amendment i.

e. A minimum DC isolation of one megohm shall exist between

the DC power input and all signal circuits and grounds.

The functional test of Paragraph 3.2.2 is not required following

this EMI test.

4.2.2.9 Sand and Dust: The test specimen shall be subjected

to the sand and dust test of MIL-STD-810 with the following exceptions:

a. The sensor shall be operated during this test. The sensor

shall be purged continuously with a calibration gas during this test and the

sensor outputs monitored to verify that the sensor is still functioning in

accordance with the requirements of the procurement specification and the cali-

bration curves obtained in Paragraph 4.2.2.1.

b. The functional test of Paragraph 3.2.2 of this test plan

shall be performed on each sensor at the conclusion of this test in lieu of the

test of Paragraph 3.2.1 of MIL-STD-810.

4.2.10 Shock: The operating test specimen shall be subjected to three

shock pulses in two directions ( + and - ) along each of three mutually per-

pendicular axes for a total of 18 tests. The shock input shall be a 15 g saw-

tooth pulse with an ii plus or minus i millisecond rise time and a I plus or
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minus i millisecond decay time. At the conclusion of this test, the sensor
shall be removedfrom the test fixture and the functional test of Paragraph
3.2.2 performed on each.

4.2.11 Corrosive Contaminants-Oxygen-Humidity: The test specimens

shall be subjected to a combination corrosive contaminants-oxygen-humidity

test as follows:

a. Perform a salt fog test per MIL-STD-810, Method 5093 with the

following exceptions:

(i) Salt solution shall be one percent by weight

(2) Intermittent salt spray shall be cycled for

48 hours as follows:

Spray on - i0 hours

Spray off - 9 hours

Spray on - i0 hours

Spray off - 9 hours

Spray on - i0 hours

(3) The sensor shall be operated during this test. The sensor

shall be purged continuously with a calibration gas during the test and the

sensor outputs monitored to verify that the sensor is still functioning in

accordance with the requirements of the procurement specification and the

calibration curves obtained in Paragraph 4.2.2.1.

(4) Upon completion of the salt spray test, while the sensor is

still in the chamber, the functional test of Paragraph 3.2.2 shall be per-

formed on each. Visual examination shall be performed after removal from the

test chamber.

(5) No attempt to clean the sensors during or after the test

shall be made.

b. Within one hour after completion of the salt spray test 3 the

test article shall be transferred to an oxygen-humidity-altitude chamber and

the chamber filled with commercial oxygen (95 plus or minus 5 percent) to a

pressure of 5 psia. These conditions shall be maintained for 50 hours. The

sensors shall be purged continuously with a calibration gas during the test

and the sensor outputs monitored to verify that the sensors are still operat-

ing in accordance with the requirements of the procurement specification and

the calibration curves obtained in Paragraph 4.2.2.1.

c. The oxygen environment shall be maintained at 5 psia and suffi-

cient moisture introduced to obtain a relative humidity of 95 plus or minus
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5 percent with distilled water having a pH factor of 6.5 to 7.5. The chamber
pressure shall be cycled (relative humidity shall be maintained at 95 plus or
minus 5 percent) as follows:

5 psia to 3 psia - i hour maximum

3 psia - 23 hours mlnlmum

3 psia to 7 psla - i hour maxlmum

7 psla - 23 hours mlnlmum

7 psia to 3 psla - I hour maxxmum

3 psla - 23 hours mlnlmum

3 psia to 7 psla - i hour maxlmum

7 psla - 23 hours mlnlmum

7 psia to 3 psla - i hour maxlmum

3 psla - 23 hours mlnlmum

3 psia to 7 psla - i hour maxlmum

7 psla - 23 hours mlnlmum

7 psia to 3 psla - i hour maxlmum

3 psla - 23 hours mlnlmum

3 psia to 7 psla - i hour maxlmum

7 psia - 23 hours mlnlmum

7 psia to 3 psla - I hour maxlmum

3 psia - 23 hours mlnlmum

3 psia to 5 psia - i hour maxlmum

5 psia - 23 hours mlnlmum

The sensor shall be operated intermittently (12 hours off and 12
hours on) for the 240 hour test duration. The sensor shall be purged (during
operation only) with calibration gases and the sensor outputs monitored to
verify that the sensors are still operating in accordance with the require-
ments of the procurement specification and the calibration curves obtained in
Paragraph 4.2.2.1. At the conclusion of the test, the sensor shall be removed
from the test chamberand any deterioration or corrosion shall be determined
by visual inspection. The PerformanceRecord Test of Paragraph 3.2.1 shall
then be performed on the sensor. This test data shall be comparedwith the
previous performance record test as criteria for determining performance
degradation.

4.3 Phase II - Overstress

4.3.1 Test Specimens: The Phase II tests shall be performed on

Perkin-Elmer sensors which have satisfactorily passed the design proof tests
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described in Section 4.2 of this test plan. The specimens shall be identi-

fied by part name s part numberj and serial number. If s at any time during

the test s a malfunction is indicated_ the test shall be stopped and the fail-

ure reported in accordance with Paragraph 3.4.3.1. The time to failure shall

be noted. Further testing shall not be required.

4.3.2 Specific Tests

4.3.2.1 Vibration: The test specimen shall be subjected to

the vibration test of Paragraph 4.2.2.4 of this test plan with the following

exceptions:

a. The vibration levels specified in Paragraph 4.2.2.4 shall

be multiplied by a factor of 1.25.

b. At the conclusion of the vibration test s the Performance

Record Test of Paragraph 3.2.1 shall be performed in lieu of the functional

test of Paragraph 3.2.2.

.... _Cter completion of b. above s the sensor shall be sub-

jected to a vibration test at 1.5 times the levels of Paragraph 4.2.2.4. The

Performance Record Test shall be repeated.

4.3.2.2 Acceleration: The test specimen shall be subjected

to the acceleration test of Paragraph 4.2.2.5 of this test plan with the

following exceptions:

a. The acceleration level shall be 25 g.

b. At the conclusion of the acceleration test s the _erform-

ance Record Test of Paragraph 3.2.1 shall be performed in lieu of the func-

tional test of Paragraph 3.2.2.

4.3.2.3 Temperature: The test specimens shall be subjected

to the temperature test of Paragraph 4.2.2.3 of this test plan with the follow-

ing exceptions:

a. The time-temperature sequence shall be as follows:

Test Chamber Temperature Exposure Time

Nominal 75°F 15 minutes

Minimum 0°F 120 minutes

Nominal 75°F 15 minutes

Maximum 160°F 120 minutes

Nominal 75°F 15 minutes

Minimum -20°F 120 minutes
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Test Chamber Temperature Exposure Time

Nominal 75°F 15 minutes

Maximum 170°F 120 minutes

Nominal 75°F 15 minutes

b. At the conclusion of the time-temperature sequence_ the

Performance Record Test of Paragraph 3.2.1 shall be performed in lieu of the

functional test of Paragraph 3.2.2.

4.4 Phase III - Mission Life

4.4.1 Test Specimen: The Phase III tests shall be performed on a

Perkin-Elmer sensor which has satisfactorily passed the acceptance tests.

The specimen shall be identified by part name_ part number_ and serial number.

4.4.2 Specific Tests

4.Z.Z.l Cycle I

4.4.2.1.i Performance Record Test: Prior to con-

ducting the environmental tests_ the Performance Record Test of Paragraph

3.2.1 of this test plan shall be performed on test specimen.

4.4.2.1.2 Vibration-Temperature: The test specimen

shall be subjected to the combined vibration-temperature shown in Figures 6

and 7. The sensor shall be purged continuously during this test with a cali-

bration gas and the sensor outputs monitored. All indications of unusual or

erratic operation during the vibration-temperature test shall be recorded.

4.4.2.1.3 Acceleration-Temperature: The test speci-

men shall be subjected to the combined acceleration-temperature environment

shown in Figure 8. Acceleration shall be imposed in both the positive and

negative direction along the sensor X-axis (see Figure 9) for five minutes.

The sensor shall be purged continuously during this test with a calibration

gas and the sensor outputs monitored. All indications of unusual or erratic

operation observed during the acceleration-temperature test shall be recorded.

4.4.2.1.4 Temperature-Altitude: The test specimen

shall be subjected to a combination temperature-altitude environment. The

test chamber atmosphere shall be maintained at 95 plus or minus 5 percent

oxygen. Unless otherwise specified_ the sensor shall be operated and purged

continuously with a calibration gas and the sensor output monitored to verify

that it is still operating in accordance with the requirements of the procure-

ment specification and the calibration curves obtained in Paragraph 4.4.2.1.1.

The total duration shall be 500 hours in accordance with the following schedule:
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Pressure

5 psia

Temperature

Cycle 150 ° to 75 ° to 0°

to 75 ° to 1500F each 3.25

hours with 30 minutes

transition and 15 minutes

steady state. Last tempera-
ture to be 75°F.

Time

200 hours

NOTE:

i x 10 -4 mm Hg

The 200 hours may be decreased by that time previously

accumulated in vibration-temperature and acceleration-

temperature tests.

0°F 48 hours

160°F 48 hours

NOTE:

I x 10 -4 mm Hg

The sensor shall be nonoperated during this test and shall

be both internally and externally exposed to the environ-

ments specified.

Cycle 0° to 150 ° to 0°F each

8 hours. Last temperature to
be 0°F.

24 hours

5 psia Cycle 0 ° to 60 ° to 0°F each 180 hours

24 hours. Last temperature to

be 600F.

Increase from 60 ° Increase from 5 to 14.7 psia .38 hour

4.4.2.1.5 Shock: Perform the shock test of Para-

graph 4.2.10 on the test specimen.

4.4.2.2 Cycle II: The second mission cycle shall be the same

as the first cycle with the exception that the shock input shall be a 78 g

half sine pulse with an ii plus or minus i millisecond width. The sensor

shall not become or cause a secondary projective during this test. Operation

of the sensor at the conclusion of the second cycle is not required.
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Part Number

Date

Tested by

S/N

Barometer in Hg Abs. Arab. Temp. °F

Test Facility

Visual Examination:

Remarks :

Accept Reject

Leakage Test:

Required:

Actual:

Power Consumption:

Required:

Actual:

Calibration:

Remarks:

5 x 10 -4 cc/sec, max.

cc/sec.

Accept Reject

1.0 watt max. from 20 to 28 VDC

1.3 watt max. above 28 VDC

Voltage x Current = Power

20 volts x amps = watts

22 volts x amps = watts

24 volts x amps = watts

26 volts x amps = watts

28 volts x amps = watts

30 volts x amps = watts

32 volts x amps = watts

Accept Reject

Operating Time

Test Specimen Status:

Inspection:

Figure

Accept.

By

Reject

Perkin-Elmer O.C. USAF Q.C.

i. Performance Record Test Data Sheet
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Part Number

Date

Tested by

s/N

Barometer

Test Facility

in Hg Abs. Amb. Temp.

Visual Examination:

Remarks:

Accept Reject

oF

Leakage Test:

Required:

Actual:

Calibration:

Required:

Actual:

Remarks:

5 x I0 -4 cc/sec, max.

Cc/sec.

Accept

± volts

volts

Reject

Remarks:

Accept Reject

Operating Time

Test Specimen Status: Accept

By

Reject

Inspection:

Perkin-Elmer Q.C. USAF Q.C,

Figure 2. Functional Test Data Sheet
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Test

Part Number

Date

Testedby

Test Signa1:

Remarks

Barometer

VDC

SIN

in Hg Abs. Amb. Temp.

Facility

oF

Operating Time

Functional or Performance Record Test Data Sheet

Test Specimen Statsu: Accept

By

Inspection:

Perkin-Elmer O.C.

Reject

USAF O.C.

Figure 3. Environmental Test Data Sheet
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Frequency, cps

Part I

Part II

Part III

2.5 Minutes Duration; Chamber Temperature-Equal to

Laboratory Ambient Temperature (Chamber Door Open)

2.5 Minutes Duration; Conduct Vibration During 75°F

to 150°F Chamber Temperature Change Shown in Figure 2.

Two 5-Minute Bursts with Time Between to Monitor

Specimen Performance: 0 ±5°F Chamber Temperature

per Figure 2.

Figure 7. Spectral Density vs. Frequency
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TWO-GAS ATMOSPHERE SENSOR SYSTEM PROGRAM

Introduction

This bibliography of papers concerned with the development of a

Two-Gas Sensor System has been compiled as a report of useful papers that

have been reviewed during this program. In all cases, the original article

was consulted for content and references. Considerable latitude of judgment

has been exercised by the author in decisions of inclusion or exclusion and

in indexing.

List of CODEN for Journals

"CODEN" is a system of designating journals by a combination of

four letters. It was developed by Dr. Charles Bishop of the Chronic Disease

Research Institute, Buffalo, New York, and described in an article in "American

Documentation," Volume 43 54 (1953). In 1957_ CODEN was adopted by the Standard

Data Subcommittee of Committee E-13 (Absorption Spectroscopy) of the American

Society for Testing Materials, for use in its activities in searching the liter-

ature for infrared and ultraviolet spectra.

The CODEN used in this bibliography is as follows:

CGDEN JOURNAL
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ASTM
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Applied Optics

American Society for Testing Materials_ Technical Papers

Canadian Journal of Physics

Discussions of the Faraday Society

Journal of Chemical Physics

Japanese Journal of Applied Physics

Journal of Molecular Spectroscopy

Journal of the Optical Society of America

Journal of Quant. Spectrosc. Radiat. Transfer._ Great Britain

Optics and Spectroscopy

Physical Review

Reviews of Modern Physics

Review of Scientific Instruments

SpectrochimicaActa

Transactions_ Instrument Society of America
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